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Abstract 
Two noninvasive and nondestructive methodologies for detecting leaks in water pipes were 
proposed and tested. The first method combines the use of Ground Penetrating Radar 
(GPR) for accurate determination of pipe location, followed by infrared (IR) thermographic 
imaging for determining the leak location. In IR thermography, four operating conditions 
(varying camera height and speed) were tested. Results were statistically analyzed using 
analysis of variance (ANOVA) and pairwise comparison methods. Several factors were 
found to affect the accuracy of the proposed methodology in predicting the leak location, 
namely, the characteristics of the studied surface (i.e. emissivity), the characteristics of the 
surrounding environment (i.e. ambient temperature and relative humidity), and the 
operating conditions of the IR camera (i.e. speed and height of the camera). In the case of 
low emissive surfaces, a slower camera speed would be required for the camera to be able 
to capture the thermal contrast at the real leak location. The results obtained in this study 
have also shown that under high ambient temperatures and high relative humidity 
conditions, a higher speed of the IR camera would reduce the impact of noise on the 
collected thermal contrast and therefore, would give better leak location prediction results. 
The field of view (FOV) is affected by the camera’s height from the surface. At lower 
heights, less area will be covered per frame; therefore, a more homogenous temperature 
distribution per frame will be obtained. Consequently, the contrast between the different 
frames will be higher and better leak predictions would be expected. The tested 
methodology proved the flexibility of the approach and the ability of accurately predicting 
the leak location under different conditions. In method two: the GPR alone was used to 
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predict the existence and location of a leak in a water pipe. GPR data processing was 
performed based on the refined radargram, resulting in promising outcomes in the 
applicability of the method.  
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Chapter 1: Introduction 
1.1 Water Situation Overview 
Global freshwater supplies are increasingly under pressure. Current industrialization and 
dramatic population growth are increasing the burdens on the planet’s water resources. 
According to the World Economic Forum, the water crises is considered to be the third 
main threat of global concern [1]. Water scarcity is one of the most widespread challenges 
that retard urbanization and affect the economic and environmental aspects of human life 
worldwide [2, 3]. Water scarcity encompasses all means associated with restricted water 
availability, where it can be defined as an insufficient water resources availability that 
would satisfy consumers’ average requirements on the long-term [4]. Also, water scarcity 
is defined as the overuse of water resources when the available water is less than the water 
demand [5, 6]. 
Due to the dramatic increase in the world population that amounted to almost 1 billion per 
ten years, water shortage crisis became more critical [7]. More than 700 million people 
lack access to clean safe water [2]. Therefore, serious actions must be taken to search for 
fresh water alternatives and maintain the existing water resources and assets especially in 
areas where water resources are rare and scarce as in the GCC area. 
1.2 Water Situation in Qatar 
The state of Qatar is experiencing critical challenges in securing fresh water resources and 
maintaining the current water assets for municipal and industrial uses. Qatar has one of the 
lowest rainfall rate in the world with an average of 82 millimeters per year and it has high 
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evaporation rate [8]. Accordingly Qatar dependence on water mainly from: ground water, 
sea water desalination and reclaimed water (Figure 1). According to Qatar National 
Development Strategy (QNDS), the country is losing 2000 millimeters of water due to 
natural evaporation yearly that makes it into a water deficiency. In addition to the low water 
resources in Qatar, Qatar has been nominated as one of the highest per capita household 
water consumption globally with an average usage of 310 liters daily per capita, twice 
greater than the consumption of western European countries (Figure 2) [9]. 
 
 Figure 2. Water sources in Qatar 
Household water consumption is expected to increase 5.4% for Qataris and 7% for 
expatriates yearly until the year 2020.  However, production of potable water per capita 
has been retarded recently due to the increase in the per capita water use (Figure 3). In 
addition, the current water desalination technologies are desalinating limited amounts of 
seawater. New facilities were commissioned in 2011 in which their desalination capacity 
will be 48% higher than previously used desalination plants.  
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Figure 4. Desalinated water production [9] 
Figure 3. Per capita household consumption) [9] 
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Groundwater makes 36% of Qatar's water sources. Groundwater is extracted from natural 
aquifers that are entirely consumed for agricultural purposes. The amount of recharge into 
the aquifers is 50 million cubic meters coming from rainfall and flows from neighboring 
Saudi Arabia each year. However, 250 million cubic meters are being extracted yearly from 
groundwater that increases the risks of aquifers depletion [9]. 
Treated sewage water or recycled wastewater is an abundant source of water in Qatar, 
where it is commonly used in irrigation and play a significantly larger role in district 
cooling by reusing 26% of the total freshwater supplies. However, due to the lack of the 
required infrastructure to deliver the recycled wastewater, the consumption of such water 
is less than the supply that leads to dumping 40% of the treated sewage water into septic 
lagoons or to the sea [9].  
1.3  Water Leaks 
Water distribution networks (WDN) are considered to be one of the most valuable and 
crucial municipal infrastructure systems. They constitute the core of urban population 
growth, public health, welfare and safety [10]. Nevertheless, according to a 2006 World 
Bank report, water losses through WDN were summed up to 45 million cubic meters daily 
in developing countries and more than 32 billion cubic meters annually on the global level   
[11]. Water losses in water networks do not only mean the loss of an invaluable resource, 
but also the loss of money spent on treating and transporting it; moreover, the deterioration 
of the subterranean infrastructure [12, 13]. With the significant population growth in Qatar 
and subsequent increase in population density  [14], the amount of stress on the network 
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increased and the risk of decreasing its lifetime and potential leaks have become much 
higher. Water leakage is a primary sign of pipe deficiency; therefore, monitoring the 
network and promptly detecting leaks is essential for its longevity and the reduction of 
water losses. 
The government of Qatar has developed large networks of civil infrastructure, including 
the water distribution network (WDN) to support the growth of urban population and 
businesses and to improve public health, safety and welfare. Qatar government made a 
major capital investment in the development and expansion of its water distribution 
networks to support the growth of urban population and local economy. The water 
resources of Qatar are especially precious given the relatively small area of land and 
territory of Qatar. Over three hundred million cubic meters of potable water are pumped 
annually through a water distribution network (WDN) that extends over 5,400 kilometers 
to all parts of Qatar [15]. In Qatar, desalinated water losses are abnormally high. Based on 
Qatar General Electricity and Water Corporation (Kahramaa) statistics, 30%-35% of the 
desalinated water pumped through the water facilities is lost because of old water pipelines 
that are still in use Figure 4, while the average loss should not exceed 18% [9]. 
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One-third of the produced desalinated water leaks into the surroundings and to the water 
table yearly, which is almost 100 million cubic meters per year (Figure 5). The excess 
inflow of Doha water table has two main sources: Kahramaa’s leaking water network and 
Ashghal’s sewage collection network. Consequently, such leaks may impose serious health 
hazards by septic tanks overflowing, also excessive leaks could increase costs of building 
projects since extra precautions must be taken to limit the effects of such leaks (dewatering, 
waterproofing) [9]. Apart from the physical deficiencies, the lost water constitute a 
financial burden on the government, where water losses cost approximately $150 million 
a year according to the Statistical Authority of Qatar (SAQ) [16]. 
Serious actions have been taken by Doha municipality and Kahramaa towards the issue of 
water leaks. They are aiming to reduce the Doha water table net inflow from water 
Figure 5 .Water network losses [9] 
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networks to zero through enhancing the existing piping system and investing in leak-
sealing operations to minimize network water losses by 2016 to 10%. This will be done by 
spreading awareness to the public about excessive water consumption and by imposing 
extra fees on water consumption.  
  
Figure 6. Desalinated water lifecycle [9] 
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Chapter 2: Literature Review 
2.1 Introduction 
One of the main components of water conservation in water utilities is early detection and 
repairing of leaks. Breakage of water mains might occur due to fluctuating water 
temperatures, vibrations, soil movement and pressure fluctuations. The impacts of water 
mains deterioration are: economic (higher operating and capital cost and lower income), 
operational (lower service level), environmental (high water and energy usage rate, 
consequently higher carbon and water footprints), social (traffic disturbance) and public 
health (contamination) [17, 18]. Several technologies have been used to early detect leaks 
in water networks. These technologies can be categorized into four main categories: 1- 
Visual techniques 2-Electromagnetic and radio frequency techniques 3- Ultrasound 
techniques 4- Acoustic and vibration techniques. In addition to some other techniques that 
do not belong to the mentioned categories [19]. 
2.2 Visual Techniques  
Pipe internal surfaces can be monitored using such a technique through visual inspection 
that can be performed using closed-circuit television (CCTV), laser-based surface profiler, 
or videoscope [20]. 
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2.2.1 Closed-Circuit Television (CCTV) 
Since direct human-entry to the pipe is dangerous (for both pipe and human), a real-time 
assessment technique that is safer and cheaper has been implemented, where it consists of 
an illuminating device and television camera that can move through the pipes by a pulley 
system and winch. The system should be inserted into the pipe through an access point 
(manhole or fire hydrant), and then the captured data (videos and images of the interior 
pipe) will be sent to the processing computers. [20]. 
CCTV is considered as a slow and time-consuming method, depending on the number and 
size of the detected leaks, since the carrier should stop whenever a leak is observed to scan 
and inspect the area entirely. The interpretation of the transmitted data is dependent on the 
operator’s experience to judge, detect and classify the leaks that could be a source of 
confusion. Beside this issue, CCTV is not a waterproof approach. Thus the pipe must be 
emptied [21]. To overcome the potential of contradiction in data interpretation, automatic 
assessment of images through processing technique can be implemented to improve 
interpretation and decision-making process by extracting and processing condition 
information from CCTV files. Other techniques were implemented to overcome manual 
interpretation process [22].  
2.2.2 Laser Scan 
The interior side profile of the pipe can be detected visually through a laser scan in which 
it can point corrosion loss and pipe side deflections. In this approach, the pipe interior is 
scanned and profiled at any point along its length through a continuous pulse of the laser 
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beam. However, the laser should be kept away from any source of diffraction (waterline) 
[23]. Therefore, this approach is applicable only in dewatered pipes and should not be used 
in peak hour times (used only in low-flow times) since there is no application of laser 
profiling underwater until today[20]. 
Unlike CCTV, laser scan does depend on vision inspections, therefore, it can be used in 
darkness. The resolution of the collected data is a function of spinning speed, velocity of 
the carrier, rate of sampling and some physical features of the pipe wall (color and 
roughness). Special softwares were coded for the integration of the scanned images which 
allows users to visualize the collected data in 3D profiles [24]. 
2.2.3  Videoscope 
Videoscope approach is an optical device used in inaccessible areas for visualization 
purposes. It consists of eyepiece and lens connected to a rigid or flexible tube integrated 
by a relay visual system. Videoscope is an improved kind of borescope with a diameter 
less than 10 mm and length of 15.24 m. It is controlled and operated easily through 
articulated controls, and data can be analyzed and processed with a special software [20]. 
2.2.4 3D Optical Scanning 
A 3D optical scanner Figure 6 operated with the help of two digital cameras (high 
resolution) connected to a wide-angle, distortion-free lenses where the captured data are 
transmitted to a control unit (vehicle) to be stored and analyzed by experts [20]. 
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2.2.5 Handyscan 3D 
Handyscan 3D approach Figure 7 is a visual leak detection technique that consists of two 
cameras of laser and stereo vision combined for accelerating the process of profiling the 
object’s surface with high-resolution images that can be analyzed using special softwares 
[20]. 
  
 
 
 
 
 
 
Figure 8. Handy scan 3D [20] 
Figure 7. 3D optical manhole scanner [20] 
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Advantages, limitations, purpose and performance of visual approaches are summarized in 
Table 1. 
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Table 1. Visual water leak detection techniques comparison 
Techniques CCTV Laser scan Videoscope 3D Optical scanning Handyscan 3D 
Purpose Visual inspection without 
man-entry/ pipes inner 
surface inspection 
Capturing pipe surface 
topography 
Remote visual inspection for 
inaccessible pipes. 
Boreholes, drilled shaft 
and manholes 
inspection. 
Non-contact 
inspection 
applicable to 
industrial design 
and manufacturing 
Area of use Applicable for sewer pipes 
and limited for water mains. 
Applicable for storm water 
and sewer pipes 
Applicable for gas, oil, water and 
wastewater pipeline in addition to 
other applications (security, 
aircraft engines, automotive 
transmission, etc.) 
Applicable for 
manholes with 400 mm 
diameter and more. 
 
No information is 
available regarding 
its usage in water 
mains. 
Advantages -Applicable for large and 
small pipes. 
-Relatively cheap, simple. 
- Able to capture a full view 
of the experimented pipes. 
 
-Early detection of pipe 
degradation by capturing 
primary signs of corrosion. 
-Helps in rehabilitation 
processes by providing an 
exact geometric dimension for 
the inspected pipe. 
-Minimum lighting is required. 
-applicable for several pipe 
sizes. 
- Inaccessible and hidden areas 
become visible. 
-Provide images with high 
quality. 
-Rapid video capturing. 
 
 
-Rapid inspection. 
-Applied for pipe-
shaped structures and 
vertical pipes. 
 
-Better scanning 
efficiency than 
laser alone. 
-Free of orientation. 
-Easy to operate 
and setup. 
Limitations -Only inner defects are 
detected. 
-Relatively slow. 
-pipes scrubbing are needed 
before inspection. 
 
-mainly depends on manual 
interpretation. 
 
-pipes scrubbing are needed 
before inspection 
-pipes dewatering is 
substantial. 
-Only limited methodology is 
available for crack detection. 
-Advanced interpretation of the 
qualitative results is required. 
-applicable only for small 
diameter and short-length pipes. 
 
-Experts inspectors are needed for 
quantitative assessment. 
-Similar general 
limitations for the other 
visual inspection 
techniques. 
-applicable only for 
large and short 
length pipes. 
-pipes scrubbing 
are needed prior to 
inspection 
Performance Relative to the personnel 
skills and experience. 
Accurate, however data 
processing during scanning is 
necessary to compensate 
errors. 
-Relative to the personnel skills 
and experience. 
- Accurate, however data 
processing during scanning is 
necessary to compensate errors. 
 
-Relative to the 
personnel skills and 
experience. 
- Accurate, however, 
data processing during 
scanning is necessary to 
compensate errors. 
 
No information is 
available. (A study 
was conducted 
using such a 
technique on 
helicopter blades, 
and the results were 
confidential). 
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2.3  Electromagnetic and Radio Frequency Techniques 
Electromagnetic (EM) inspection techniques are considered as non-destructive non-
invasive approaches that deal with magnetic fields and electric currents or both and monitor 
the electromagnetic response of the reflected EM waves. 
2.3.1 Magnetic Flux Leakage (MFL) 
MFL approach forms a saturated magnetic field surrounding the pipe wall using large 
magnets. A homogeneous and uniform magnetic flux distribution shows a pipe in a good 
condition. Consequently, deficiencies will cause the magnetic flux to change. Figure 8 
shows a detector coil that records the flux leakage. MFL can be implemented outside pipes 
(in service pipes) or inside pipes (must be dewatered). However, the pipe size should be 
noticed for the equipment to fit properly inside [20]. 
Defects in the pipe wall are being recorded using a magnetic sensor inserted into the system 
and moves along the pipe and able to detect tiny leaks without causing any flow clogging 
[25]. An Enhanced type of MFL has been developed through pulsed excitations that help 
to acquire more data from a wider frequency band [26]. 
Data collected from MFL are raw, in which it must be interpreted through advanced 
software (Advanced Engineering Solutions) that implement certain algorithms to 
characterize and identify metal losses [20]. 
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2.3.2 Eddy Current (EC) 
Similar to MFL, EC technique deals with magnetic field changes occurring due to pipe 
defects. However, the production of the magnetic field differs from MFL. EC utilizes the 
idea of eddy current phenomena that takes place as a result of current changing in a 
magnetic coil. The induced coil moves along the pipe imposing eddy current on the pipe 
wall generating a magnetic field opposes the main one. Therefore, characteristics of the 
pipe will be a function of the recorded magnetic field impedance [25]. Although EC 
technique can work without direct contact with the pipe, the pipe skin depth is an issue that 
has been overcome through the use of Remote field eddy current (RFEC) in which its signal 
is greater than direct eddy current signal and able to penetrate pipe walls properly [ 21]. 
Several works have been done expressing the accuracy of RFEC. RFEC had been enhanced 
by adding an extra coil, and it can be operated underwater for 150 mm pipes in 
collaboration with certain commercial devices [27]. 
Figure 9. Principle of MFL inspection [20] 
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2.3.3 Hydroscope Technology 
Hydroscope technology principle is similar in concept to the  RFEC approach, where it 
relies on transmitting electromagnetic signals through pipe walls and receiving it back 
(through a cable connected to a field computer) by a detector that measures any signal 
variation and assesses the pipe condition accordingly. Through inserting the system to the 
pipe through an access point (fire hydrant for example), it moves with water flow and 
inspects 1000 m daily. However, small defects cannot be detected using such a technique 
[27]. Hydroscope approach overcome the dewatering issue of most of the visual techniques 
since it can be operated underwater also the pipe skin depth is not an issue unlike RFEC 
[21]. 
2.3.4 Rapid Magnetic Permeability Scans (RMPs) 
In this method, two strong magnets are inserted into the pipe wall to create a magnetic field 
that will induce magnetic flux to be transferred through the pipe wall. Changes in the 
magnetic flux while passing through the pipe wall could indicate cracks or gradual pipe 
wall erosion as a result of corrosion [21].  
2.3.5 Time Domain Ultra-Wideband  
In non-ferrous pipelines, the time domain ultra-wideband approach is recommended to be 
applied towards pipe condition monitoring since it works in a wider range of frequency 
and results in high-resolution images [28]. The process works by emitting and receiving 
pulses in Pico or Nano-seconds that detects voids in the soil surrounding the pipe and 
monitor all leak characteristics such as location, orientation and size of the leak [21]. 
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However, the prototype of the mentioned approach is still under research. 
Advantages, limitations, purpose and performance of electromagnetic and radio frequency 
approaches are summarized in Table 2. 
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Table 2. Electromagnetic and radio frequency water leak detection techniques comparison 
Techniques MFL Eddy current Hydroscope technology RMPs Time domain 
ultra-wideband 
Purpose Metal loss inspection and 
detection in ferrous pipes 
due to corrosion. (inside 
and outside pipes) 
Metal loss inspection and 
detection in ferrous pipes due to 
corrosion. 
Determination of the remaining 
wall thickness in Cast Iron and 
Ductile Iron Pipes 
Leak detection in metallic pipes. Detection of below 
surface corrosion, 
defects, and voids 
in non-metallic 
pipes 
Area of use -Oil and gas industry. - Oil and gas industry in 
addition to chemical plants. 
Domestic water distribution 
network. 
Used in machinery components 
such as gears, engines and drive 
shafts. 
Not determined yet 
Advantages -High accuracy in wall 
thickness measurement. 
-can be operated 
externally (without 
service interruption). 
- Insulation coatings removal is 
not necessary. 
- Able to perform underwater. 
-One of the most advanced 
approaches available. 
-ability to detect areas of corrosion 
pitting. 
-Ability to estimate pipes 
remaining useful life. 
-Can be used in-pipe and 
outside the pipe. 
- Rapid technique. 
- Real-time assessment. 
-easy to operate. 
-Accurate results of 
the pipe wall 
thickness. 
- provides high 
image resolution. 
-able to monitor 
pipe wall, as well 
as the pipeline. 
 
Limitations -In-line inspection 
requires unlined, cleaned 
metallic pipes. 
-not suitable for small 
pipe sizes. 
-Signal interpretation and 
analysis require a high level of 
expertise. 
-Results may be get affected by 
some factors such as 
temperature. 
-Pre-cleaning of tuberculate pipes 
is required. 
-Expensive. 
-Unable to detect pits smaller than 
3 cm3 
 
-Not applicable for pipes less 
than 100mm in diameter. 
-not applicable for thick coating 
pipes (or lining pipes). 
Not determined yet 
Performance - calibration processes 
must be implemented to 
acquire accurate wall 
thickness measurements 
and small defects 
detection, 
- Eddy current technique 
provides a high level of data 
accuracy and good repeatability. 
- Hydroscope technique provides 
high level of wall thickness 
accuracy 
-was extensively used for 
metallic pipe condition 
assessment. 
Not determined yet 
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2.4 Acoustic and Vibration Techniques 
2.4.1  Sonar Profiling System 
Sonar profiling system is a leak detection technique that uses the acoustic approach for 
underwater pipe inspection and corrosion loss measurement through the use of scanner 
unit, process unit and skid set. 
Where the system measures the travel time of the sound signal that being emitted from the 
transmitter to the target and back, in addition to the velocity of the sound sonar signal at 
the medium (approximately 0.2-0.2m/s), the distance between the transmitter and the target 
can be evaluated. Information about pipe cross section is carried out through each received 
signal. Because the speed of sound is a function of the media (air–water), the system is 
unable to work concurrently in both water and air, so the images should be acquired 
distinctly and combined at the end of the inspection [25]. 
For a different type of applications, different frequencies should be used in the sonar 
profiling system, where higher frequencies are suitable for low penetration applications 
(since its wavelength is low). However, the acquired images are high definition, however 
for applications that need a higher penetration, lower frequencies are used but with poor 
image quality. High-Frequency pulses are recommended While testing through clear water 
or inspection for small leaks, whereas low frequency is suitable for turbid water. Thus, a 
multi-frequency system captures the optimum data and information [24]. Moreover, a 
sensor that can be inserted inside the pipe to emit a wide range of frequencies is now under 
research. 
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2.4.2 LeakfinderRT 
Leakfinder RT system compromises of a set of acoustics sensors such a hydrophone, 
wireless signal transmission, accelerometer, and computer. Accelerometers and 
hydrophones are utilized for detecting leak-induced sounds and vibrations in water column 
respectively. Accelerometers and hydrophones are integrated to enhance the signal to noise 
ratio (Figure 9). LeakfinderRT principle is based on two sensors inserted into different 
access points (manhole, fire hydrant) which are used to estimate the similarity of two 
waveforms through application of time-lag (τmax )function (cross-correlation) using the 
following equations [20]: 
 
L1= 
D−C∗τmax
2
 (2.1) 
 
L2= D − L1 (2.2) 
 
 
Where D is the distance between the two access point and c is the experimental propagation 
velocity of sound in the pipe. L1 and L2 are representing the leak positions according to the 
access point. LeakfinderRT provides high-resolution images of narrow-band leaks signals, 
where leak sounds are received and analyzed instantaneously, however sound analysis 
might take more time in case of background noise. The main limitation of this method is 
its inability to detect leak size [20]. 
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2.4.3 Sahara System 
Sahara system Figure 10 is considered as an acoustic approach for water leak detection that 
uses a hydrophone connected to an umbilical cable, which moves in-pipe (through an 
access point) and records leak signals and noises [25, 29]. The location of the hydrophone 
can be followed on the surface to locate the exact location of the leak noise to be excavated 
for repairing processes [30]. However, it might become difficult for the inspector to track 
the pipeline if it passes through a municipal construction (highway) or environmental 
obstacle (river). 
 The key factor in detecting leaks and its magnitude using this system is to identify the 
unique acoustic signals produced by leaks in the pipe joints, wall or steel welds [30].Also 
gas pockets can be detected similarly through its distinctive acoustic signatures. Sahara 
Figure 10. Principle of leakfinder RT [20] 
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system provides a video and lighting sensor which enables CCTV inspection of potable in-
service water pipes. 
2.4.4 Smartball 
Smartball is an acoustic leak detector that travels in-pipe with the flow of water and locates, 
detects and calculates the leak magnitude using a set of the magnetometer, accelerometer, 
temperature sensors and ultrasonic transmitter enclosed in an aluminum alloy core Figure 
11 with an electricity source and other electronic components [31]. The external surface of 
the ball gives an extra surface area helps in rolling the device and decreases the noise 
generated while moving in the pipe. The sphere outer diameter is dependent on the flow 
conditions and pipe diameter. Smartball captures and records acoustic information while 
rolling inside the pipe and emits an acoustic pulse each 3 seconds to be tracked by an 
acoustic receiver, then the acquired acoustic information can be analyzed based on a 
frequency analysis approach to ensure that the collected data is associated with a leak event, 
not any other anomaly. Smartball technique can inspect a pipeline up to 12 hours and 
Figure 11. Sahara system [20] 
23 
 
detects leaks within 1m accuracy. Bypass lines might be blocked if the ball route was not 
carefully planned [20]. 
 
2.4.5 Impact Echo 
Impact echo approach is widely used in assessing damaged pre-stressed concrete pipes 
[27]. It comprises a controlled impact (large hammer or falling weight) and geophones 
attached to the pipeline wall, once the hammer hits the pipe, for instance, waves of low 
frequency are produced, transmitted through the pipe wall and received by the geophones. 
The detected waves are dissimilar in properties (different penetration depths, traveling 
speed and frequencies), consequently such a difference can be correlated to the pipe 
condition and the soil embedding the pipe as well [27], through the use of impact-generated 
stress waves calculations implemented using the impact echo equation [32]: 
𝑇 =
𝑉
2𝐹𝑝
  (2.3) 
(A) (B)
) 
Figure 12. Smartball system, A :( External view), B: (Internal view) [20] 
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Where T is the pipe thickness, V is the speed of the wave and 𝐹𝑝 represents the peak 
frequency. 
2.4.6 Permalog 
Permalog Figure 12 is an acoustic system installed in-pipe for detection and classification 
of leak noise in water distribution networks. It can be installed semi-permanently or 
permanently through valves or pipe fittings and can be collected back using magnets. It 
usually operates at night where the background noises are minimum, and pressure is high. 
Once the leak is detected the unit produces an alarm sound and emits a radio signal to 
indicate a leak event [33]. Information carried by the loggers can be retrieved by removing 
the loggers and acquire the data manually (lift and shift) or by transmitting the data through 
radio through a patrol system to a moving patrol vehicle (drive by), or through transmitting 
the data directly to a lab computer using radio network (PermaNet). Due to its ease usage, 
Permalog has been implemented by several water authorities (Las Vegas Valley Water 
District, West Virginia American water, and Birmingham Water Works Board). 
 
 
 
 
 
Figure 13. Permalog [20] 
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2.4.7 Listening stick 
 
During this approach, sticks are used at the pipe in the suspected areas for listening to the 
leak propagation noise and estimating the time delay. However, this method is applicable 
in metallic pipes and not suitable for plastic pipes [21]. 
MLOG and STAR ZoneScan are also considered as acoustic techniques for leak detection 
that are similar in concept to the previous ones discussed [20].  
Advantages, limitations, purpose and performance of acoustic and vibration approaches 
are summarized in Table 3. 
 
26 
 
 Table 3. Acoustic and vibration water leak detection technique comparison 
Techniques Sonar Profiling system LeakFinderRT Sahara system Smart ball Impact echo Permalog 
Purpose Determines internal pipe 
defects underwater by 
providing visual profiles. 
Determines leaks 
in all type of 
water distribution 
pipes. (Computer 
based). 
In-service water 
mains inspection to 
detect leaks, 
visible defects, gas 
pockets and a wall 
thickness of 
metallic pipelines. 
Detects air 
pockets and 
leaks in large 
and medium 
pipes 
(diameter>8i
n.) 
Determination of 
location and 
extent of 
deficiencies 
(surface cracks 
dimensions, 
voids). 
-leak detection and 
monitoring. 
Area of use Applied to sewer pipes, 
however, no clue about its 
usage in water mains. 
All fluids 
transmission 
pipelines. 
-Used in large 
mains in addition 
to cast iron pipes. 
-can be used as a 
CCTV system. 
-wastewater 
and water 
pipelines 
-Used mainly in 
flat surfaces 
(bridge decks, 
concrete slabs, 
etc.). 
-In large water 
sewer PCCP and 
concrete 
pipes.(man 
access) 
-Used mainly in water 
distribution systems. 
Advantages -able to operate without 
system disturbance (sewer). 
-can be integrated with a 
CCTV system to inspect 
submerged pipes. 
- Able to operate 
without system 
disturbance. 
-locate leaks in a 
plastic pipe 
through low-
frequency 
vibration sensors. 
-determines small 
leaks associated 
with high 
background 
noise. 
-uses advanced 
correlation 
method to 
enhanced leak 
detection process. 
- Able to operate 
without system 
disturbance. 
-High sensitivity to 
small leaks. 
-can be tracked 
from the ground 
surface while 
inspection. 
-Able to work in 
large and small 
pipes. 
-applicable 
for several 
pipe material 
(PVC, steel, 
concrete,etc.) 
-able to 
detect leaks 
and air 
pockets in 
pipes with 
large 
diameter 
(>20cm). 
-efficient in 
detecting 
small noise. 
- Able to 
operate 
without 
system 
disturbance. 
-operated in 
various materials. 
-can be carried 
out easily. 
- Insulation 
coatings removal 
is not necessary. 
- single access 
point is needed 
(to excite the 
pipe). 
- Permanent or semi-
permanent. 
- Non-destructive 
method. 
-Rapid approach 
(without disturbance for 
neighborhood areas). 
-Cheap running cost 
(permalog operated with 
battery requires 
minimum maintenance 
and cheap cost). 
-monitor leaks 
automatically. 
27 
 
       
Limitations -should be applied beneath 
the water. 
-Limited by the used 
functional frequency. 
-unable to 
determine the 
leak size. 
-sensitive to the 
interference of 
low-frequency 
vibrations (road 
traffic or pumps). 
-sensor spacing is 
a function of the 
pipe diameter and 
material. 
-access point is 
required. 
-Must be operated 
within particular 
frequency depends 
on pipeline flow 
rate and bends. 
-considered as 
intrusive 
technology (the 
system must be 
inserted into the 
pipe). 
-inapplicable 
for high 
water 
pressure 
pipes 
(>400psi). 
-Provides 
qualitative 
results (need 
to be 
processed 
later). 
-complicate 
frequency 
analysis (in case 
information other 
than geometry 
and thickness is 
needed). 
- inapplicable to 
metals. 
-Tests may get 
affected by the 
embedded items 
inside the pipe. 
- The scanned length is 
a function of the pipe 
material where closer 
spacing is required in 
plastic pipes, unlike 
metallic pipes. 
-Must be operated in a 
time with minimum 
background noise. 
Performance Results in an accurate pipe 
cross-section data 
-Detects small 
leak under low 
pressure in PVC 
pipes. 
-able to locate 
metal pipes small 
leaks. 
-efficient in high 
background noise 
locations. 
-Results accuracy 
are depending on 
sensor spacing 
and propagation 
velocity. 
-Succeeded in 
determining small 
unknown leaks 
(≈0.25 gal/hr). 
- Able to detect 
leaks within an 
accuracy less than 
1m). 
-efficient in 
detecting 
leaks of less 
than 0.1 
gal/hr. 
- Able to 
detect leaks 
with an 
accuracy of 
1m). 
-Impact echo 
system can test 
pipes with 
thickness ranges 
from 66mm to 
1.8m). 
-Typical accuracy 
of impact echo 
system is 2%. 
No information is 
available. 
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2.5 Ultrasonic Techniques  
Ultrasonic techniques are implemented through sending sounds of high frequency towards 
the inspected object and receive and analyze the reflected echo. Such a technique has been 
utilized for monitoring of corrosion, delamination tests and thickness measurements of 
pipes. 
2.5.1 Guided Wave Ultrasonic Testing 
Propagated long distance waves are considered to be the core of using guided wave 
ultrasonic testing approach [34]. Two types of ultrasonic waves are the most common in 
this technique: torsional waves (move with a shearing motion) which require two 
transducers and longitudinal waves (move with a compressional motion) which should be 
operated by 3-4 transducers to be propagated along the pipe length. In case of in-service 
pipe inspection (filled with water), torsional waves are most applicable, while longitudinal 
waves are not. Once these guided waves (torsional or longitudinal) get obstructed by a 
certain pipe feature or anomaly, it returns to its original position (transducers), and then 
anomaly distance from the transducer can be estimated by measuring the time-of-flight for 
each reflected wave , also defect size can be determined by estimating the reflected wave 
amplitude. 
An ultrasound waves are emitted in the both directions along the length of the pipe using a 
ring probe (Figure 13) of piezoelectric transducers tied around the pipe, where the vertical 
axials is representing the ultrasound wave amplitude that can be used to extract mean 
features/deficiencies of the pipe against the pipe length that is represented by the horizontal 
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axis. Guided wave technique is applicable for pipes with a diameter greater than 50mm and 
wall thicknesses less than 40mm, also elevated pipe can be inspected using such a 
technique. However, it is limited by 30m length away from the ring. 
  
Figure 14. Ultrasonic guided wave pipeline inspection diagram). Courtesy of 164th Acoustical Society  
of Ameria Meeting 
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2.5.2 Discrete Ultrasound Measurement 
Transmitter, receiver, monitor and transducer are creating the discrete ultrasound system, 
where a set of pulses are emitted using the transmitter within a high-frequency ultrasonic 
energy generated by the transducer to scan the pipe, where some of the ultrasound energy 
will be reflected back due to encountering an anomaly and  reassembled in the form of 
electrical signal carrying out the anomaly significant features (location , size, and others) 
in side view, plan view and cross-section view of the experimented pipe. The defect 
location will be calculated by estimating the travel time of the reflected wave and its speed. 
This approach must be operated while the pipe is in service since energy propagation must 
pass through water. However it can be conducted internally and externally within high 
results accuracy. The name discrete represents the three different set of scans performed 
by the system (A-scan-scan and C-scan) [24]. 
2.5.3 Phased Array Technology 
Phased array approach has been implemented towards medical imaging in the previous two 
decades and has recently been used for industrial purposes. Phased array system comprises 
a transducer and set of individual sensors element controlled using ultrasound electronics 
[35] that integrated to detect pipe wall thickness, cracks, and corrosion through one multi-
element transducer. Sensor elements can be formed into different orders as a linear array, 
two-dimensional matrix array, circular array and other complicated forms, so for measuring 
a pipe wall thickness all of the sensor elements must be triggered simultaneously and a 
sound beam orthogonal to the surface of the wall is produced, however, an angular sound 
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beam is generated in case of crack detection Figure 14. 
Phased array systems are implemented in the nuclear industry for coarse-grained stainless 
steel materials monitoring since other ultrasound approaches were found to have a lack of 
accuracy and substantial limitations.  
 
 
 
 
 
 
 
 
2.5.4 Combined Ultrasound Inspection  
This approach has been utilized towards pipeline inspection for simultaneous metal loss 
and cracks monitoring than can be implemented for gas and oil pipelines [36]. Sensor 
carrier was designed and optimized in order to conduct both inspections in one run by 
ground of ultrasound sensors (which operated using a pulse-echo mode in addition to high 
repletion frequency) placed to scan the pipe along its length. Similar to the phased array 
approach, straight pulses are used to examine the wall thickness. However cracks will be 
detected using the gradual pulses. 
Advantages, limitations, purpose and performance of acoustic and vibration approaches 
are summarized in Table 4.
Figure 15. Sound beams generated by phased array of composite sensor elements [20] 
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  Table 4. Ultrasound water leak detection technique comparison 
Techniques  
Guided Wave Ultrasonic Testing 
 
Discrete Ultrasound Measurement 
 
Phased Array Technology 
 
 
Combined Ultrasound 
inspection 
Purpose Fast material loss inspection due to 
erosion and corrosion 
External and internal pipes inspection 
for erosion and corrosion. 
Wall thickness measurement and 
crack detection using phased 
array beams. 
-Crack and metal loss 
detection 
 
Area of use -Above-ground insulated or exposed 
pipes. 
-Used mainly for thickness 
measurements delamination checks in 
forgings, welds, and ferrous pipes. 
-Used in nuclear power plants, 
aerospace, pipe mills, steel mills 
and petrochemical plants. 
-Used mainly in oil and gas 
pipelines. 
Advantages -able to inspect coated and insulated 
structures. 
-Rapid approach. 
-Rapid approach. 
-can be operated at various probe 
sizes and frequencies. 
-Pipe remains in-service while 
inspection. 
-Quick inspection. 
- Inspection can be performed 
through different perspectives to 
monitor complicated anomalies. 
-High inspection speed. 
-High resolution. 
Limitations -Inspection is limited to above ground 
pipes of 30 m long. 
-applied to limited buried pipes length 
(shorter than aboveground pipes). 
-Distinguish between external and 
internal corrosion is not possible. 
-not effective in heavily coated pipes. 
-cannot perform in empty pipes. 
-Limited applicability for inspecting 
irregular shape, not homogeneous or 
rough materials (e.g. concrete). 
-Must be calibrated. 
-Pipe cleaning is required. 
-as a result of low transmission in 
sound and high signal noise, it is not 
applicable in CI and coarse-grained 
materials. 
- Expensive. 
- Complex set-up for three-
dimensional applications. 
-pipes access is necessary. 
-Cracks and losses data 
need to be analyzed, 
processed and correlated by 
an expert to assess the 
integrity and status of the 
line at any given time. 
Performance -High sensitivity in calculating cross-
section losses (can detect very tiny 
losses ) 
-Significant accuracy for wall 
thickness estimation. 
-accurate discontinuity detection 
within minimum testing time. 
- No information about its use in 
water main pipelines. 
 
-High accuracy in detecting 
the crack width and metal 
loss. 
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2.6 Other Techniques  
2.6.1 Microwave Back-Scattering Sensor (MBS) 
MBS sensor method comprises four staggered receiving patch antennae and four 
transmission patch antennae. It operates based on the concept of transmission of continuous 
electromagnetic microwaves that are being emitted at a frequency of 2.45 GHz, and back-
scattered signals will be received back [37]. MBS sensor method detects deficiencies 
resulted in erosion and humidity changes that caused by water leaks, such anomalies can 
be investigated through monitoring changes in dielectric properties, through recording and 
analyzing the reflected signals that will be having information about the relative phase and 
amplitude of each signal. MBS sensor is an in-pipe leak detection approach, where the 
entire inner pipe surface is covered for inspection. 
2.6.2 Continuous Wave Doppler Sensing Technique   (CWDS) 
CWDS system consists of a unit operated at 2.45 GHz, homodyne receiver, a digital signal 
processing unit, and power transmitter. The working mechanism of CWDS depends on 
detecting the Doppler frequency shift of the electromagnetic waves reflected because of 
the leaked water[38].CWDS technique is able to locate and detect the leakage source 
accurately regardless the soil, environment conditions and the pipe material as well ,unlike 
acoustic approaches that face difficulties in detecting leaks in polyvinylchloride (PVC) and  
high-density polyethylene (HDPE) pipes, thus this system is said to be promising and can 
be integrated with other commercial leak detection apparatus to provide an advanced 
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system toward enhancing water leaks locating and detecting. Research now are undergoing 
to come up with a digital signal processing algorithm able to acquire data rapidly. 
2.6.3 Radiographic Testing  
Radiographic techniques use radiation of gamma and x-rays, where gamma rays that are 
produced from isotopes are used in cementitious and ferrous materials, however, plastic 
materials can be noted using X-rays produced from cathode-ray tubes. Imperfections of the 
scanned pipe are illustrated once radiations pass through the pipe material and distorts the 
photographic film. Radiographic approach can be operated into three different setups: 
single wall-single image, where single object will be penetrated by the radiation onto the 
film, double wall-single image, where the radiation passes through two sections of the pipe 
wall, double loading where two films are used (one slow film and one fast film) 
Radiographic techniques are considered to be an accurate method, however pipes are 
having diameter not less than 38.1 cm must be emptied [24]. 
2.6.4 Acoustic Fiber Optics (AFO) 
AFO system comprises of fiber optic sensors positioned along the pipe length and acquiring 
data through an optical data obtaining system connected to the sensors and is producing 
laser light among the fiber. Fibers are experiencing external stresses imposed by the 
acoustic waves; that results in light reflection through the fiber, where these reflections 
convey the pipe features to be analyzed using the data obtaining system.  
AFO system is considered to be costly since it is suspected to physical damages while 
installation, so special tests need to be run towards proper installation. However, AFO is 
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applied when the early leak detection is more vital than the running cost [39].  
Advantages, limitations, purpose and performance of acoustic and vibration approaches 
are summarized in Table 5.
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  Table 5. Comparison between the other water leak detection techniques 
Techniques MBS CWDS Radiographic AFO 
Purpose Pipe inspection for hidden objects and 
anomalies detection. 
Minor water leaks detection in supply 
pipes 
Valves inspection in addition to 
thicknesses changes monitoring 
in structures and materials. 
Determination of pipe wall 
thickness 
Area of use Sewage system. Plastic, PVC and HDPE pipes. -Used mainly by the water sector. -Petrochemical, oil, gas and 
chemical processing 
industries in addition to 
PCCP pipes. 
Advantages -provides useful information that can 
be integrated with other leak detection 
approaches. 
-not affected by the environmental 
condition, soil condition or the pipe 
material. 
-can be integrated with other water 
leak detection equipment or 
techniques. 
-applicable to all materials. -applicable for long term 
inspections. 
-able to detect 12.4 miles of 
pipe using one sensor. 
 
Limitations Not available -an advanced digital signal analyzing 
and processing method is required for 
data collection to accelerate the 
process. 
-slow approach (limited zone can 
be inspected at a time). 
-requires access to the pipe. 
-Radiation safety precaution must 
kept in mind. 
-Expensive. 
-Fibers are too sensitive. 
Performance Not available -able to detect and locate the exact 
leakage point accurately. 
 
-Results in accurate 
measurements, however, 
collected data needs and expert 
interpreter. 
 
-The accuracy of AFO 
results is dependent on the 
pipe diameter, material, and 
initial thickness. 
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2.7 Used Technologies 
2.7.1 Infrared Thermography 
2.7.1.1  Introduction 
Infrared thermography (IRT) is a technique used to measure objects’ temperature and 
evaluate temperature differences (contrast) between two surfaces or objects. IRT has been 
established based on measuring the radiant energy distribution that is emitted from an 
object. At the early 1800s, Herschel discovered the infrared spectrum while trying to invent 
new optical filters that would decrease the degree of the image sun brightness in telescopes 
[40].Then Herschel discovered new rays that were similar to the visible rays in behavior 
since they were refracted, absorbed, transmitted and reflected [41]. Following Herschel's 
discovery and the debate induced by Seebeck about the nature of light and heat, after some 
experiments performed in closed circuits of dissimilar metallic conductors with small 
electric current flows inside, Nobili produced the first thermocouple based on the effect of 
the thermoelectric [42]. In 1840 using the differential evaporation of a thin film of oil 
exposed to a heat pattern, Herschel developed the first thermal image (thermograph) [43]. 
A breakthrough in the history of IR was achieved in 1880 by the inventor of the bolometer 
Samuel Langley, which was marked as a great success in the IR detection sensitivity [44], 
where the solar radiation intensity was measured at different wavelengths that allowed the 
examination of the solar irradiance. In 1929, Tihanyi invented the first infrared-sensitive 
camera that was implemented by the British anti-craft defense. In the period between 
Worlds Wars I and II significant improvements were conducted to develop the photo 
detectors and image converters, also infrared spectroscopy was introduced as an essential 
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chemical analysis technique, such improvements were helpful to the military since it 
introduced the night vision tactic. In the late 1950s, the US Military and Texas Instruments 
company produced the first single element detectors that enabled producing line images 
and scanning of scenes. Starting from the late 1960s, IR cameras became commercialized, 
and thermography became available for public [44]. 
2.7.1.2 Infrared Thermography Fundamentals  
IRT and IR camera are operated by thermal radiation theory. Radiation consists of 
collection of discrete particles known scientifically as ‘quanta’ or ‘photons,' each particle 
having an energy E (J) that equals [45]: 
Е=hv= 
hc
λ
            (2.4) 
Where h is Planck’s constant (6.626𝑥10−34𝐽), C is the speed of light in vacuum 
(299,792,458 m/s) and λ is the wavelength. 
The electromagnetic spectrum is divided into a number of wavelength intervals (spectral 
bands) extends from (λ=0  λ= ∞). The term radiation includes all the wavelengths in the 
electromagnetic spectrum. However, IRT’s application is limited to radiation emitted by 
the temperature of an object, which is also known as thermal radiation that is given by the 
Stefan-Boltzmann equation [46]: 
Eb = σT
4        (2.5) 
Where 𝐸𝑏 is the total emissive power, 𝜎 is the Stefan-Boltzmann constant 
(5.67051x10−8 𝑊/𝑚2𝐾4), and T is the surface absolute temperature in kelvin.  
39 
 
The total emissive power 𝐸𝑏 gives the intensity of radiation as the summation of radiation 
at various wavelengths.  Spectral emissive power indicates the emitted power as a function 
of a specific wavelength in addition to the surface temperature. In other words it is the 
emissive power in the wave band in the infinitesimal wave band between λ   andλ + dλ . 
Spectral emissive power can be quantified using the following equation [45]: 
Iλ,b(λ, T) =
(2hc2)λ−5
exphc/kλT−1
   (2.6) 
Where k is the Boltzmann’s constant (1.3805 x 10−23 J/K). Integrating equation 2.6 over 
all wavelengths yields the maximum emissive power at a given temperature, known as 
blackbody emissive power [45]: 
Eb = ∫ Eλ,b(λ, T)dλ = ∫
C1λ
−5
exp
(
C2
λT
)
−1
dλ ≡ σT4
∞
0
∞
0
 (2.7) 
WhereC1 = 2пhc
2 = 3.742x108 Wμm4/m2, C2 =
hc
k
= 1.439x104 μmK. To calculate 
the spectral emissive power at specific wavelength range λ1 and λ2, integration of the 
Planck distribution should be conducted in this range as follows : 
(∆Eb)λ1→λ2 = ∫
C1λ
−5
exp
C 2
λT−1
dλ
λ2
λ1
 (2.8) 
2.7.1.3 Factors Affecting Thermal Contrast at Ground Surface 
Several factors interfere with the process of an object energy radiation. For example, the 
physical properties of an object itself will affect the object’s ability to emit energy as 
thermal radiation that is known as emissivity. The temperature transfer to the surface from 
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the surroundings can be considered as an independent factor (independent of the surface 
material), for example, the heat transfer process from the water pipe and its surroundings 
to the ground surface may be classified as independent factors. Conduction into the ground 
surface, convection, sunlight absorption, and gray-body irradiation to the surrounding are 
all kinds of heat transfer processes that contribute to forming a surface energy.   
2.7.1.4 Conduction 
Heat conduction can be defined as a molecular transfer of thermal energy in liquids, gasses 
and solids due to the temperature gradient. Particles of a substance are expected to 
experience a heat transfer in the form of conduction when they are directly in touch with 
each other and have temperature differences. For example water pipelines are in contact 
with the surrounding soil, therefore, if a leak occurs the adjacent soil particle will result in 
a temperature gradient that will change the soil temperature and will cause abrupt 
temperature variations at the ground surface.  Mathematically, the process of heat flowing 
due to conduction is assumed to be a steady-state heat flow in one direction [47]: 
Qcond =
Kcond
+ (Tp−Ts)
L
    (W m2⁄ ) (2.9) 
Where 𝐾𝑐𝑜𝑛𝑑 is the average thermal conductivity of the soil and pavement surface in 
(w/m*K), 𝑇𝑝 𝑎𝑛𝑑 𝑇𝑠 are pipe temperature and surface temperature, respectively. L is the 
pipe burial depth (heat flowing path). 
2.7.1.5 Convection 
Convection is defined as the heat transfer due to gasses and liquids movement. Convection 
is considered as the main type of heat transfer in fluids. Convection comprises the 
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combined processes of advection and conduction. For example a ground surface would 
experience such type of heat transfer due to the heated air by sun radiation. Therefore 
temperature difference between the ground surface and the heated air drives energy to 
transfer toward the cooler areas that would affect the captured IR thermos-grams. Heat 
convection can be expressed mathematically as follows [48]: 
Qconv = hconv(Ts − Tambient)  (
W
m2⁄ ) (2.10) 
Where ℎ𝑐𝑜𝑛𝑣 is the convection coefficient in (w/𝑚
2 *K) and 𝑇𝑎𝑚𝑏𝑖𝑎𝑛𝑡 is the ambient 
temperature. Convection coefficient is defined as the amount of thermal power per unit 
area (heat flux) over the temperature difference between the fluid and the surface [48]: 
h =
q
∆t
 (2.11) 
Where h is the heat transfer coefficient w/𝑚2 *K, q is the heat flux w/𝑚2and ∆t  
temperature difference between the surrounding fluid area and the solid surface in kelvin 
Also, it can be expressed empirically in terms of the wind speed as follows [48]: 
hconv = 5.6 + 4.0xVwind               (2.12)              for   Vwind ≤ 5 m s⁄   
 
hconv = 7.2x(Vwind)
0.78               (2.13)                for Vwind > 5 m s⁄   
Where Vwind is the wind speed in m/s 
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2.7.1.6 Sunlight absorptivity  
Another factor that interferes with the process of heating up the ground surface is the 
amount of absorbed sunlight. This incoming heat flow can be quantified as follows [49]: 
Qsun = γabsxQinc  (
W
m2⁄ )               (2.14) 
Where 𝑄𝑖𝑛𝑐  is the incident solar radiation (
W
m2⁄ ) and 𝛾𝑎𝑏𝑠 is the solar absorptivity of the 
pavement.  Emissivity can be defined as a measure of the object effectiveness in radiating 
energy. It can be defined as the ratio between the radiated energy from an object to the 
radiated energy from a black body under the same wavelength and temperature. Emissions 
from the ground surface to the sky should be taken into account as a radiative heat transfer 
factor, 1which can be mathematically expressed as follows [50]: 
Qsky = σϵ ∗ (Ts
4 − Tsky
4 )     (W m2⁄ ) (2.15) 
Where 𝜖 is the pavment smissivity , 𝜎 is the Stefan-Boltzmann constant which equals 
5.669x10−8  𝑊 𝑚2 ∗ 𝐶4⁄  , 𝑇𝑠 is the pavement surface temperature(K) and 𝑇𝑠𝑘𝑦 is the 
calculated sky temperature (K) that can be expressed as follows [51]: 
Tsky = ϵs
0.25 ∗  Tambient (2.16) 
Knowing that the sky emissivity can be calculated as [51]: 
ϵs = 0. 787 + 0. 764 *loge(Tdew/273)* Fcloud (2.17) 
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𝑇𝑑𝑒𝑤 Is the dew point temperature in kelvin with the cloud cover factor Fcloud as follows 
[51]: 
Fcloud = 1.0 + 0.024N − 0.0035N
2 + 0.00028N3 (2.18) 
Where N describes how cloudy the sky is, and taking values between 0% clear-100% 
overcast. 
2.7.1.7 Thermography Infrared (IR) camera system 
A VarioCAM hr head thermographic system was used in performing the set of field 
experiments Figure 15. The system has a Long Wave Infrared spectral range (LWIR) of 
7.5 to14 µm. The lens reflects the object scene onto a microbolometer array at a resolution 
of 384 x 288 pixels, which means that each image will be translated to 110,592 temperature 
data points. A wide-angle lens was used to capture the IR radiation emitted by the object 
in the field of view (FOV) and to duplicate it onto the detector array with a focal length of 
12.5mm and a minimum focus of 0.2m. Other properties and technical specifications of the 
VarioCAM hr system are stated in Table 6. 
 
       
 
 
 
 
 
 
 
 Figure 16. VarioCAM hr head thermographic system 
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 Table 6. Technical specifications of VarioCAM hr head system 
 
 
2.7.2 Ground Penetrating Radar (GPR) 
Ground-penetrating radar sends electromagnetic waves through the ground to the 
subsurface then reflections from the underground objects will be received again by the 
radar. The waves are emitted and received back through an antenna, creating a profile of 
the subsurface. In 1929, the first attempt to determine the depth of ice in a glacier was 
performed in Austria using ground penetrating radar demonstrating that electromagnetic 
energy is capable of traveling in media other than air. Forty-three years later, NASA had 
built a prototype GPR system to be sent on Apollo17 to the moon to study the geological 
and electrical properties of the moon’s crust. The potential of using GPR had become 
attractive to the archeological community because of its ability to detect buried 
Spectral range 7.5 to14  µm.  
Temperature measuring range (-40 to 1,200) oC 
Emissivity Adjustable from 0.1 to 1.0 in increments of 0.01 
Recording, image format 
(pixels) 
384 x 288 
Spectral range Long Wave Infrared spectral range (LWIR) of 
7.5 to14 µm 
Standard lens (field of view) 1.0/25 mm (30 x 23)o at (384 x 288) 
IR frame rate 50/60 Hz 
Zoom function Up to 8 digital, infinitely variable 
Operation temperature (-15 to 50) oC 
Storage temperature (-40 to 70) oC 
Humidity during operation and 
storage 
Relative humidity 5% to 95%, non-condensing 
Dimensions (complete system) (133 x 106 x 110) mm 
Weight (complete system) Approx. 1.3 kg 
  Automatic functions autofocus, auto-image, auto-level, alarm 
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archeological features and associated sediments. Thus, in 1975 the first application of GPR 
in archeology was conducted in Chaco Canyon New Mexico. From the late 1970s to the 
mid-1980s, several surveys had been conducted in Cyprus, El Salvador and Japan to locate 
burial rises and buried houses. Cultural resource management projects (CRM) gained some 
attention in the period between the late 1980s and early 1990s that encouraged the use of 
GPR in some archeological contexts. In the late 1990s to mid-2000s extra efforts were 
performed in the area of GPR data processing, where various research had been 
implemented to demonstrate the differences in data collection and analysis [52, 53]. 
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2.7.2.1 Ground Penetrating Radar (GPR) System 
A MALÅ Ground Penetrating Radar (GPR), placed on a Terraplus Rough Terrain Cart 
(RTC), was used in this study Figure 16. The MALÅ GPR was equipped with two shielded 
antennas, 250 MHz antenna (Dimensions: 0.74 x 0.44 x 0.16 m – Weight: 7.85 kg) and the 
shielded 500 MHz antenna (Dimensions: 0.50 x 0.30 x 0.16 m – Weight: 5.0 kg).   
  
Figure 17. Ground Penetrating Radar (GPR), on a 
Terraplus Rough Terrain Cart  
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2.8 Scope and Objectives 
In this study, two non-invasive and non-destructive methods have been developed to detect 
and determine leak locations effectively and at the same time overcome limitations 
associated with currently utilized leak inspection and detection methods. In method one a 
combined methodology of using ground penetrating radar (GPR) for accurate 
determination of pipe location, followed by an infrared (IR) thermography imaging 
technique for determining leak location has been proposed. The infrared thermography 
imaging technique will be used for the first time in extremely hot weather conditions 
instead of cold or moderate weather conditions.  
In this method the following factors will be studied: 
- The impact of the IR camera height from the ground surface. 
- The impact of the IR camera speed. 
- The impact of different kinds of surface grounds. 
In method two: the GPR alone will be used to predict the existence and location of a leak 
in a water pipe. GPR data processing will be performed based on the refined radargram 
images collected from the GPR.   
The proposed methods will assist in (i) reducing water losses in water distribution networks 
by early detection of leaks; and (ii) increasing water system’s safety, functionality, and its 
targeted levels of service by speeding up the detection of leaks and thereby the response to 
them. 
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Chapter 3: Methodology 
Several factors might interfere in the leak detection process. Physical factors (e.g. pipe size, 
pipe age, pipe type), environmental factors (e.g. surface type, soil type) and operational 
factors. In the proposed methodology the only factors that would affect the leak detection 
process can be reduced to environmental and operational factors. The GPR relies on the 
dielectric contrast of the soil surrounding the pipe and the IR relies on the temperature 
contrast of the ground surface regardless of the pipe material or size. [55]. Accordingly, 
operational and environmental factors had been included in this study. Two methods were 
proposed to detect and predict a leak location in water mains.  
3.1 Method One (GPR+IR) 
A combination of using both GPR to define the buried pipes locations and IR thermography 
to identify leak locations were used. The methodology is based on on-site experimental 
work. Data was collected from one simulated leak and one real leak scenarios. The 
simulated scenario was performed to study the applicability of the proposed methodology 
under controlled conditions and predefined leaks. The real case scenario, on the other hand, 
was performed to study the effect of altered conditions surrounding the pipe (emissivity 
and ambient temperature) on the results and to validate the applicability of the proposed 
methodology. Two parameters were varied in the scenarios tested:  the height of the camera 
from the ground and the speed of the camera. Table 8 summarizes the different 
combinations studied.   
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Once the images were collected by the IR camera, the scale of each image was adjusted to 
obtain a strong color contrast. The resolution of the used IR camera is 384 x 288 pixels, 
which means that each image was translated to 110,592 temperature data points. The 
thermographic images were statistically analyzed using analysis of variance (ANOVA) and 
pairwise comparison methods. In the ANOVA analysis that was performed using R-studio 
and Minitab softwares, the mean temperature of each image was compared with the mean 
temperature of the whole set. If the null hypothesis (Ho: equal mean temperatures 
throughout (μ1 = μ2 = … = μn where n: is the number of thermographic images in a set) is 
rejected this could be an indication of a leak existence. The failure to reject the null 
hypothesis means that equal mean temperatures exist which indicates that no leak is 
present, and no temperature contrast will be recorded. Based on the test statistics that 
resulted from the ANOVA analysis enough evidence was obtained to reject or not to reject 
the null hypothesis. After the ANOVA analysis, the pair-wise comparison proceeded to 
identify the location of the leak. A pairwise comparison between the mean temperatures of 
each image within the same set was performed using a Tukey procedure in Minitab, and 
the differences were summed up for each image. 
 The most suitable operating conditions of the IR camera regarding detecting and locating 
water leaks were determined in all scenarios. Finally, a validation of the proposed 
methodology was done by comparing detected leak locations and the actual leak location. 
The methodology of the study is described in Figure 17. 
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Detect and Locate Leak   
Data Analysis 
Using: Analysis Of 
Variances 
(ANOVA) and 
Pairwise 
Comparison 
technics 
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Water Leaks 
 
Detecting Leaks Using IR-Camera 
Field Experiments with Different IR-Camera 
Operating Conditions 
YES 
Figure 17. Proposed methodology of method 1 
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Four operating conditions were developed as summarized in Table 7. 
Table 7.  IR camera experimental operating conditions 
 
 
 
 
 
 
3.2 Method Two (GPR) 
In method two only ground penetrating radar was utilized for the prediction of both pipe 
and leak locations.  
3.2.1 Radargram Refinement 
Method two starts with collecting GPR profiles along the pipeline length. After collecting 
the required profiles, the raw data need to be refined. The refinement process  
Includes removing diffractions and modifying the effects of dipping layers (also known as 
migration). The refinement process was implemented using Reflex2DQuick software. 
Migration is a process that shifts dipping reflectors to their proper position on the 
subsurface and collapses hyperbolic diffractions. Hyperbolic reflectors may appear as a 
sign of the existence of objects with finite dimensions. Shallower objects and steeply 
dipping surfaces are two reasons that may cause misinterpretation of the size and geometry 
of subsurface objects. Radar energy may be diffracted as a result of steeply dipping 
surfaces. Also shallower objects may obscure deeper objects that appear as interfering 
hyperbolic reflectors.  
Operating 
Condition 
Height from 
ground surface 
(m) 
Speed 
(km/h) 
Number of 
frames 
1 1 2  
1 
(frame/second) 
2 2 5 
3 1 5 
4 2 2 
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 In this study fk migration technique that is also known as Stolt migration has been 
implemented to enhance efficiently and mute the irritating subsurface reflections and 
pulses, create more interpretable and cohesive radargram images and improve wave traces. 
fk migration technique is a rapid 2D migration method based on performing a constant 
velocity and it works in the frequency-wavenumber range[56]. In case of GPR data 
analysis, constant propagation velocity of the electromagnetic waves had been calculated 
through Equation 3.1 [54]: 
V = c/√ε   (3.1) 
Where V is the propagation velocity , c is the speed of light in air (0.3m/ns) and 𝜀 is the 
material dielectric constant. 
 Figure 18 shows the difference between the raw radargram data and the refined data (after 
migration).  
Additional refinement includes eliminating the undesirable features of the radargram 
profile such as the area of the ground surface (separation between the antenna and the 
ground surface). This area is illustrated by the negative values of the depth scale. Those 
anomalies were processed using the static correction function. As mentioned earlier, 
electromagnetic properties of the scanned medium or mediums identify the nature of the 
reflected GPR waves (signatures). Signatures such as reflection strength, polarity, signal 
attenuation, two-way travel time and hyperbolic reflection are fundamental for the 
qualification and identification of subsurface features. 
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Figure 18. Difference between the raw radargram data and the refined data (after migration) 
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Table 8 summarizes the main features of the proposed two methods . 
Table 8. Features summary of method 1 and 2 
Method 1 (GPR+IR) Method 2 (GPR) 
GPR is used for pipe exploration only GPR is used for subsurface exploration 
IR is the leak detector GPR is the leak detector 
Depends on temperature contrast Depends on electromagnetic properties 
contrast 
Sensitive to  weather conditions Sensitive to ground conditions(soil type, soil 
composition) 
Statistical based technique Visual based technique 
modify operating conditions for better 
results 
modify migrations options for better results 
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Chapter 4: Results and Discussion 
4.1 Method 1 
4.1.1 Simulated leak 
In the first phase of the study, a leak from a 1 inch (2.5 cm) diameter PVC pipe was 
simulated under specific controlled conditions to verify the applicability of the proposed 
methodology. The pipe was 16.5 m long and was buried at a 0.9 m depth surrounded by 
clayey soil. The leak was simulated by wetting a specific location along the length of the 
pipe. The wetted location had a wetted area with a radius of around 50 cm Figure 19. The 
temperature of the water used in the simulated leak was 23oC, while the ground surface 
and the ambient air temperatures were 35 oC and 32 oC respectively. The relative humidity 
was 55%. The GPR was utilized to identify accurately the location of pipes under the 
surface by moving in a specific path where it had to intercept perpendicularly with the 
expected location of the pipe at several points as shown in Figure 20(A). The location of 
the pipe is indicated by the hyperbola as shown in Figure 20(B). After defining the exact 
location of the pipe, thermo-graphic images of the ground surface above the pipeline were 
taken under the different studied operating conditions. Four sets of images, corresponding 
to four different operating conditions were collected.  
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Figure 19. Simulated leak experimental layout 
Figure 20. (A) Profile of the subsurface using the MALÅ Ground Penetrating Radar (GPR) equipped with the 500 
MHz shielded antenna, location of the pipe is indicated by the hyperbola indicated by the red dots (B) Path of the 
GPR on top of the buried pipe 
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4.1.1.1 Operating Condition 1  
At a height of 1 meter and speed of 2 km/h the first trial of thermography was performed 
resulting in 15 thermal images distributed along the 16.5 meters pipe. After collecting the 
IR images, their scale was adjusted to obtain a strong color contrast. As shown in Figure 
21(A) the color degradation for the simulated leak ranged from pink (37oC), representing 
the highest temperature, to blue, representing the lowest temperature (26oC). Since the 
temperature of the water used to simulate the leak (i.e. 24oC) was less than the surrounding 
ground surface temperature, the orange color in Figure 21(B) could represent the leak. In 
the same manner, the scale of images collected from each operating condition was adjusted. 
 
 
 
Figure 21. (A) IR image for simulated leak case study “dry location” (B) IR image for simulated leak case study “wet 
location”  
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4.1.1.1.1 ANOVA   
The existence of a leak throughout the whole set of collected images will be a function of 
the mean temperature differences between images of the same set. An Analysis of the 
Variance (ANOVA) was performed on the set of the IR images. In the ANOVA analysis, 
the temperature of each image was compared with the mean temperature of each image in 
the whole set. As mentioned earlier if the null hypothesis (Ho: equal mean temperatures 
throughout (μ1 = μ2 = … = μn where n: is the number of thermographic images in a set)) is 
rejected this could be an indication of a leak existence. The failure to reject the null 
hypothesis means that equal mean temperatures exist which indicates that no leak is 
present, and no temperature contrast will be recorded.  
Test statistics associated with the ANOVA Table 9 showed a probability value of zero as 
shown in Table 11. In other words the calculated p-value was less than the significant level 
of the test (p-value< α=0.05) thus, enough evidence exists to reject the null hypothesis (Ho). 
This means that there is a difference between the mean temperatures of the collected 
thermal images, which could indicate the existence of a leak. 
Table 9. Test statistics of O.C.1 of the simulated leak 
 
 
 
 
 
 
 
 
 
 
 Degree of 
freedom 
sum square mean square F-value P-value 
Image.ID 14 5513 393.8 1024 0.00<0.05 
Residuals 8625 3316 0.4 
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4.1.1.1.2 Pairwise Comparison  
Pairwise comparison between the mean temperatures of each image within the same set 
was performed using a Tukey procedure in Minitab, and the differences were summed up 
for each image. Thermal images with the increasing trend were considered as the leak 
location. Pairwise comparison table 10 illustrates the results where the first column 
encompasses the values of the mean temperatures subtraction between thermal image 
number 1 and all the other images and so on for the other columns. 
 
 
 
 
 
 
 
 
 
60 
 
 
Table 4. Pair wise comparison of O.C.1 for the simulated leak 
 
Images 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
1 0 0.049 1.295 1.397 1.051 0.223 0.169 0.554 1.55 0.913 0.28 1.655 1.273 0.927 0.914 
2 0.049 0 1.246 1.348 1.561 0.173 0.177 0.505 1.501 0.864 0.225 1.406 1.004 0.878 0.865 
3 1.295 1.246 0 0.102 0.313 0.927 0.873 1.259 0.255 0.618 0.985 0.659 0.0223 0.368 1.618 
4 1.397 1.348 0.102 0 0.211 0.826 0.772 1.157 0.153 0.516 0.883 0.258 0.124 0.471 1.517 
5 1.051 1.561 0.313 0.211 0 0.614 0.561 0.946 0.0586 0.304 0.671 0.246 0.646 0.65 1.305 
6 0.223 0.173 0.927 0.826 0.614 0 0.122 1.331 1.673 1.311 0.575 0.768 0.951 1.301 0.891 
7 0.169 0.177 0.873 0.772 0.561 0.122 0 2.385 2.619 2.256 2.111 3.011 2.869 3.242 1.745 
8 0.554 0.505 1.259 1.157 0.946 1.331 2.385 0 1.004 1.641 1.274 1.899 2.281 2.627 2.021 
9 1.55 1.501 0.255 0.153 0.0586 1.673 2.619 1.004 0 2.363 2.731 2.105 1.552 1.623 1.363 
10 0.913 0.864 0.618 0.516 0.304 1.311 2.256 1.641 2.363 0 0.367 0.258 0.641 0.986 1.001 
11 0.28 0.225 0.985 0.883 0.671 0.575 2.111 1.274 2.731 0.367 0 0.127 0.645 0.353 0.214 
12 1.655 1.406 0.659 0.258 0.246 0.768 3.011 1.899 2.105 0.258 0.127 0 0.065 0.121 0.0122 
13 1.273 1.004 0.0223 0.124 0.646 0.951 2.869 2.281 1.552 0.641 0.645 0.065 0 0.0212 0.058 
14 0.927 0.878 0.368 0.471 0.65 1.301 3.242 2.627 1.623 0.986 0.353 0.121 0.0212 0 0.054 
15 0.914 0.865 1.618 1.517 1.305 0.891 1.745 2.021 1.363 1.001 0.214 0.0122 0.058 0.054 0 
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Summing up all the differences as shown in Table (11) showed that thermal images number 
7,8 and 9 gained the highest summation among the others, accordingly, it can be claimed 
that the leak source was found to be at a distance of 8.25meter from the beginning of the 
scanned pipe, which was calculated as follows:  
(6.6 + 7.7 + 8.8 + 9.9)
4
= 8.25𝑚 
A graphical representation of the total mean temperature differences is illustrated in Figure 
22, showing a temperature contrast oscillation along the pipeline length and a sudden 
increase between 6.6m to 11 m. 
Table 5. Scoring table of O.C.1 for the simulated leak 
 
  
Image 
Boundaries(m) 
Images Total 
score 
 
0 1.1 1 12.25  
1.1 2.2 2 11.802  
2.2 3.3 3 10.5403  
3.3 4.4 4 9.735  
4.4 5.5 5 9.1376  
5.5 6.6 6 11.686  
6.6 7.7 7 22.912  
7.7 8.8 8 20.884  
8.8 9.9 9 20.5506  
9.9 11 10 14.039  
11 12.1 11 11.441  
12.1 13.2 12 12.5902  
13.2 14.3 13 12.1525  
14.3 15.4 14 13.6222  
15.4 16.5 15 13.5782  
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Figure 22. Distance-Temperature contrast relation of O.C.1 for the simulated leak 
The accuracy of the processes was checked by comparing the predicted leak location with 
the actual leak location. The actual leak location was at the center of the pipe at 8.25 m. 
The predicted leak was at thermal images 7, 8 and 9 which represents a distance from 6.6 
m to 9.9 m as shown in Figure 23. Consequently, the center of the predicted leak is 8.25 
meters away from the pipe beginning, so the accuracy of the proposed operating 
combination is given by:  
Approach accuracy =1- 
𝑙𝑒𝑎𝑘(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)−(𝑐𝑒𝑛𝑡𝑒𝑟 𝑡ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑒𝑎𝑘)
𝑝𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=1 −
8.25−8.25
16.5
= 100%  
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Characteristics and results of the performed experiment are summarized in Table (12) 
 Table 12. Characteristics and results of O.C.1-simulated leak 
Apparatus used GPR: pipe locator 
IR: Leak detector 
no. of thermal images 15 
ANOVA 
P-value 0.00<0.05 
proceed to the pairwise comparison 
pairwise 
highest contrast 
images 
Thermal images 7,8,9 
predicted leak center 8.25 m 
O.C. Accuracy 100% 
 
4.1.1.2 Operating Condition 2 
At a height of 2 meters and speed of 5 km/h the first trial of thermography was performed 
resulting in 10 thermal images distributed along the 16.5 meters pipe as shown in Figure 
25.  
                     Figure 23. Predicted leak location using O.C.1 of simulated leak case 
Simulated and predicted leak 
8.25m 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Thermal images; 1.1 meters length 
8.25m 
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4.1.1.2.1 ANOVA 
Test statistics associated with the ANOVA showed a probability value of zero as shown in 
Table 13. In other words the calculated p-value was less than the significant level of the 
test (p-value< α=0.05) thus, enough evidence exists to reject the null hypothesis (Ho). This 
means that there is a difference between the mean temperatures of the collected thermal 
images, which could indicate the existence of a leak. 
 Table 6. Test statistics of O.C.2-simulated leak 
 
 
 
4.1.1.2.2 Pairwise Comparison 
Pairwise comparison table 14 illustrates the results where the first column encompasses the 
values of the mean temperatures subtraction between thermal image number 1 and all the 
other images and so on for the other columns. 
 
 
 
 
 
 
 
 Degree of 
freedom 
sum square mean square F-value P-value 
Image.ID 9 1434 159.3 366.8 0.00<0.05 
Residuals 5170 2245 0.43 
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Table 14. Pairwise comparison of O.C.2-simulated leak 
Unlike O.C. 1, pairwise comparison for O.C.2 data resulted in ambiguous leak location 
since two thermal images were found to have similar total mean temperature difference. 
Also total mean temperature difference of the other thermal images were very close Table 
15, moreover no ascending trend were noticed which could not give a clear indication of 
the leak source as can be seen from the graphical representation of the total mean 
differences in the Figure 24.  
 Table 15. Scoring table of O.C.2-simulated leak 
Image Boundaries(m) Images Total score 
0 1.65 1 8.799 
1.65 3.3 2 4.686 
3.3 4.95 3 8.027 
4.95 6.6 4 5.4622 
6.6 8.25 5 5.94 
8.25 9.9 6 4.936 
9.9 11.55 7 6.968 
11.55 13.2 8 4.688 
13.2 14.85 9 4.9776 
14.85 16.5 10 5.2898 
Images 1 2 3 4 5 6 7 8 9 10 
1 0 0.776 1.682 1.362 0.401 0.651 0.229 1.109 1.256 1.333 
2 0.776 0 0.907 0.586 0.375 0.124 0.547 0.333 0.481 0.557 
3 1.682 0.907 0 0.321 1.283 1.032 1.454 0.574 0.423 0.351 
4 1.362 0.586 0.321 0 0.961 0.711 1.133 0.253 0.106 0.0292 
5 0.401 0.375 1.283 0.961 0 0.251 0.171 0.709 0.856 0.933 
6 0.651 0.124 1.032 0.711 0.251 0 0.422 0.458 0.605 0.682 
7 0.229 0.547 1.454 1.133 0.171 0.422 0 0.881 1.027 1.104 
8 1.109 0.333 0.574 0.253 0.709 0.458 0.881 0 0.147 0.224 
9 1.256 0.481 0.423 0.106 0.856 0.605 1.027 0.147 0 0.0766 
10 1.333 0.557 0.351 0.0292 0.933 0.682 1.104 0.224 0.0766 0 
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   Figure 18. Distance-Temperature contrast relation of O.C.2-simulated leak 
Characteristics and results of experiment associated with operating condition 2 are 
summarized in Table 16. 
Table 16. Characteristics and results of O.C.2-simulated leak 
Apparatus used GPR: pipe locator 
IR: Leak detector 
no. of thermal images 10 
ANOVA 
P-value 0.00<0.05 
proceed to the pairwise comparison 
pairwise 
highest contrast 
images 
Thermal Image 1 
predicted leak center No leak prediction, since the 
summation of mean temperature 
differences, are close 
O.C. Accuracy 
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4.1.1.3 Operating Condition 3 
At a height of 1 meter and speed of 5 km/h the first trial of thermography was performed 
resulting in 9 thermal images distributed along the 16.5 meters pipe as shown in Figure 27.  
4.1.1.3.1       ANOVA 
Test statistics associated with the ANOVA showed a probability value of zero as shown in 
Table 17. In other words the calculated p-value was less than the significant level of the 
test (p-value< α=0.05) thus, enough evidence exists to reject the null hypothesis (Ho). This 
means that there is a difference between the mean temperatures of the collected thermal 
images, which could indicate the existence of a leak. 
Table 7. Test statistics of O.C.3-simulated leak 
 
 
 Degree of 
freedom 
sum square mean square F-value P-value 
Image.ID 8 3338 417.2 523.3 0.00<0.05 
Residuals 5175 4126 0.8 
10 
Figure 19. Predicted leak location using O.C.2 of simulated leak case 
Simulated leak 
8.25 m 
1 2 3 4 5 6 7 8 9 
Thermal images; 1.65 meters length 
8.25 m 
No leak prediction 
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4.1.1.3.2 Pairwise comparison 
Pairwise comparison Table 18 illustrates the results where the first column encompasses 
the values of the mean temperatures subtraction between thermal image number 1 and all 
the other images and so on for the other columns. 
Table 18. Pairwise comparison of O.C.3-simulated leak 
Images 1 2 3 4 5 6 7 8 9 
1 0 3.346 0.539 0.00116 0.312 0.141 1.341 1.804 0.867 
2 3.346 0 1.807 1.347 2.658 1.486 1.405 1.541 2.713 
3 0.539 1.807 0 0.541 0.851 0.679 1.902 1.265 0.906 
4 0.00116 1.347 0.541 0 1.311 1.141 1.442 1.806 0.366 
5 0.312 2.658 0.851 1.311 0 0.171 1.753 1.116 1.0554 
6 0.141 1.486 0.679 1.141 0.171 0 1.582 1.945 1.226 
7 1.341 1.405 1.902 1.442 1.753 1.582 0 0.363 1.508 
8 1.804 1.541 1.265 1.806 1.116 1.945 0.363 0 1.171 
9 0.867 2.713 0.906 0.366 1.0554 1.226 1.508 1.171 0 
 
Summing up all the differences as shown in Table 19 showed that thermal images number 
2 gained the highest summation among the others, accordingly, it can be claimed that the 
leak source was found to be at a distance of 2.75m from the beginning of the scanned pipe. 
Which was calculated as follows:  
1.83 + 3.66
2
= 2.75𝑚 
A graphical representation for the total mean temperature differences is illustrated in Figure 
26, showing a slight temperature contrast oscillation along the pipeline length, but a 
dramatic contrast jump between 0m-5.49m . 
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Table 19. Scoring table of O.C.3-simulated leak 
Image Boundaries(m) Images Total 
score 
0 1.83 1 8.35116 
1.83 3.66 2 16.303 
3.66 5.49 3 8.49 
5.49 7.32 4 7.95516 
7.32 9.15 5 9.2274 
9.15 10.98 6 8.371 
10.98 12.81 7 11.296 
12.81 14.64 8 11.011 
14.64 16.47 9 9.8124 
 
 Figure 26. Distance-Temperature contrast relation of O.C.3-simulated leak 
The accuracy of the processes was checked by comparing the predicted leak location with 
the actual leak location. The actual leak location was at the center of the pipe at 8.25 m. 
The predicted leak was at thermal image 2 which represents a distance from 1.83 m to 3.66 
m as shown in Figure 27. Consequently, the center of the predicted leak is 2.75 m away 
from the pipe beginning, so the accuracy of the proposed operating combination is given 
by:  
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Approach accuracy =1- 
𝑙𝑒𝑎𝑘(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)−(𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑒𝑎𝑘)
𝑝𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=1 −
8.25−2.75
16.5
= 66.6%  
 
 
 
 
 
 
 
 
Characteristics and results of experiment associated with operating condition 2 are 
summarized in Table 20. 
 Table 20. Characteristics and results of O.C.3-simulated leak 
Apparatus used GPR: pipe locator 
IR: Leak detector 
no. of thermal images 9 
ANOVA 
P-value 0.00<0.05 
proceed to the pairwise comparison 
pairwise 
highest contrast 
images 
Thermal Image 2 
predicted leak center 2.75 m 
O.C. Accuracy 66.6% 
 
Figure 20. Predicted leak location using O.C.3 of simulated leak case 
Simulated leak 
13.75 m 
1 2 3 4 5 6 7 8 9 
Thermal images; 1.83 meters length 
Predicted leak 
2.75 m 
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4.1.1.4 Operating Condition 4 
At a height of 2 meters and speed of 2 km/h the first trial of thermography was performed 
resulting in 14 thermal images distributed along the 16.5 meters pipe as shown in Figure 
29.  
4.1.1.4.1     ANOVA 
Test statistics associated with the ANOVA showed a probability value of zero as shown in 
Table 21. In other words the calculated p-value was less than the significant level of the 
test (p-value< α=0.05) thus, enough evidence exists to reject the null hypothesis (Ho). This 
means that there is a difference between the mean temperatures of the collected thermal 
images, which could indicate the existence of a leak. 
Table 21. Test statistics of O.C.4-simulated leak 
  
 
4.1.1.4.2 Pairwise comparison 
Pairwise comparison Table 22 illustrates the results where the first column encompasses 
the values of the mean temperatures subtraction between thermal image number 1 and all 
the other images and so on for the other columns.
 Degree of 
freedom 
sum square mean square F-value P-value 
Image.ID 13 4220 324.6 806.9 0.00<0.05 
Residuals 7238 2912 0.4 
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      Table 8. Pairwise comparison of O.C.4-simulated leak 
 
 
 
Images 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 0 1.528 0.888 0.561 0.631 1.181 0.906 0.633 0.405 0.916 0.137 0.041 0.383 2.036 
2 1.528 0 0.959 1.032 1.101 0.652 1.378 1.104 0.877 0.387 0.608 0.0885 0.254 0.508 
3 0.888 0.959 0 1.0732 1.142 0.692 0.418 0.146 0.0819 0.571 0.351 1.047 0.704 0.451 
4 0.561 1.032 1.0732 0 1.0692 0.619 0.345 0.0723 0.155 0.645 0.424 1.121 0.778 0.524 
5 0.631 1.101 1.142 1.0692 0 0.551 0.275 0.003 0.224 0.714 0.493 1.191 0.847 0.594 
6 1.181 0.652 0.692 0.619 0.551 0 2.274 2.547 2.774 2.264 2.043 0.141 1.397 1.144 
7 0.906 1.378 0.418 0.345 0.275 2.274 0 1.272 0.501 0.991 0.769 0.466 1.122 0.869 
8 0.633 1.104 0.146 0.0723 0.003 2.547 1.272 0 0.227 0.717 0.496 0.193 0.851 0.596 
9 0.405 0.877 0.0819 0.155 0.224 2.774 0.501 0.227 0 0.489 0.269 0.865 0.622 0.369 
10 0.916 0.387 0.571 0.645 0.714 2.264 0.991 0.717 0.489 0 0.221 0.476 0.133 0.121 
11 0.137 0.608 0.351 0.424 0.493 2.043 0.769 0.496 0.269 0.221 0 0.697 1.353 0.101 
12 0.041 0.0885 1.047 1.121 1.191 0.141 0.466 0.193 0.865 0.476 0.697 0 1.343 0.597 
13 0.383 0.254 0.704 0.778 0.847 1.397 1.122 0.851 0.622 0.133 1.353 1.343 0 0.253 
14 2.036 0.508 0.451 0.524 0.594 1.144 0.869 0.596 0.369 0.121 0.101 0.597 0.253 0 
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Summing up all the differences as shown in Table 23 showed that thermal images number 
6 gained the highest summation among the others, accordingly, it can be claimed that the 
leak source was found to be at a distance of 6.49m from the beginning of the scanned pipe, 
which was calculated as follows:  
5.9 + 7.08
2
= 6.49𝑚 
A graphical representation of the total mean temperature differences is illustrated in Figure 
28, showing a slight temperature contrast oscillation along the pipeline length, but a 
dramatic contrast jump at image number 6 . 
Table 9. Scoring table of O.C.4-simulated leak 
Image Boundaries(m) Images Total 
score 
0 1.18 1 10.246 
1.18 2.36 2 10.4765 
2.36 3.54 3 8.5241 
3.54 4.72 4 8.4187 
4.72 5.9 5 8.8352 
5.9 7.08 6 18.279 
7.08 8.26 7 11.586 
8.26 9.44 8 8.8573 
9.44 10.62 9 7.8589 
10.62 11.8 10 8.645 
11.8 12.98 11 7.962 
12.98 14.16 12 8.2665 
14.16 15.34 13 10.04 
15.34 16.52 14 8.163 
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 Figure 21. Distance-Temperature contrast relation of O.C.4-simulated leak 
The accuracy of the processes was checked by comparing the predicted leak location with 
the actual leak location. The actual leak location was at the center of the pipe at 8.25 m. 
The predicted leak was at thermal image 6 which represents a distance from 5.9 m to 7.09 
m as shown in Figure 29. Consequently, the center of the predicted leak is 6.49 m away 
from the pipe beginning, so the accuracy of the proposed operating combination is given 
by:  
Approach accuracy =1- 
𝑙𝑒𝑎𝑘(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)−(𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑒𝑎𝑘)
𝑝𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=1 −
8.25−6.49
16.5
=
89.3%  
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Characteristics and results of experiment associated with operating condition 2 are  
Summarized in Table 24. 
Table 10. Characteristics and results of O.C.4-simulated leak 
 
 
 
 
 
4.1.1.5 Summary of Results 
Results of the four operating conditions are summarized in Table 25. 
Table 11. Simulated leak case result summary 
 O.C. 1 O.C. 2 O.C. 3 O.C. 4 
Characteristics 1m,2km/h 2m,5km/h 1m,5km/h 2m,2km/
h 
P-value <0.05 <0.05 <0.05 <0.05 
highest contrast Thermal Image 7,8,9 Thermal Image 1 Thermal Image 2 Thermal 
Image 6 
Accuracy 100% N/A 66.60% 89.30% 
 
Apparatus used GPR: pipe locator 
IR: Leak detector 
no. of thermal images 14 
ANOVA 
P-value 0.00<0.05 
proceed to the pairwise comparison 
pairwise 
highest contrast 
images 
Thermal image 6 
predicted leak center 6.49 m 
O.C. Accuracy 89.3% 
Figure 29. Predicted leak location using O.C.4 of simulated leak case 
Simulated leak 
10.01 m 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Thermal images; 1.18 meters length 
Predicted leak 
6.49 m 
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Performing the four operating conditions on the suspected leak location have yielded 
different outcomes, where slow speed operating conditions(O.C 1&4) resulted in more 
accurate results than operating conditions with high speed (O.C 2&3). Operating condition 
1 has predicted the leak location exactly at the actual leak location, also operating condition 
4 has predicted the leak within a very small error value, however operating condition 2 
failed to detect leak since all the temperature contrast values were close and an error value 
of more than 30% resulted from operating condition 3.Accuracy deviation among the four 
operating conditions can be attributed to the weathering conditions (ambient temperature, 
humidity, solar radiation, etc...) and some physical conditions of the experimented media 
such as emissivity. The interaction between the camera operating conditions and the 
weathering conditions in addition to surface emissivity will be discussed later. 
4.1.2 Real Leak Scenario 1 (Mesaeed location) 
In collaboration with Qatar General Electricity and water Corporation (KAHRAMAA), a 
10 meter long PVC pipe, buried 0.9 m under the surface and surrounded by crushed 
sandstone and bricks pavement, was tested. According to KAHRAMAA, the pipeline was 
experiencing a leak, but the exact location of the leak was unknown. Figure 30 shows the 
layout of the location of the study area for the real leak scenario. Thermographic images of 
the ground surface above the pipeline were taken with the different operating conditions. 
Four sets of images corresponding to each operating condition were collected. After 
collecting the images, the exact leak location was determined by KAHRAMAA through 
excavation and visual inspection. The temperature of the dry surface varied between 47 
77 
 
and 50oC; meanwhile, the ambient air temperature and the relative humidity were 42oC and 
75%, respectively.  
 
 
 
 
 
4.1.2.1 Operating Condition 1  
At a height of 1 meter and speed of 2 km/h the first trial of thermography was performed 
resulting in 8 thermal images distributed along the 10 meters pipe as shown in Figure 33. 
After collecting the IR images, their scale was adjusted to obtain a strong color contrast. 
Figure 31(A) shows that in the case of the real leak, the color degradation was minimal 
with the color being mainly dark blue. Contrary to that, Figure 31 (B) which represents the 
location of leak in the real leak case, degradation in color was observed. The temperature 
of water on the surface due to the real leak (i.e. 51-53oC) was higher than the surrounding 
ground surface temperature (i.e. 47 – 50oC).    
 
 
 
 
 
Figure 30. Real leak case 1 layout 
“Profile View” 
PVC Pipe 
0.9 m 
Crushed sandstone 
6 m 
Movement direction 
Bricks pavement 
4 m 
Exact leak location 
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4.1.2.1.1 ANOVA  
Test statistics associated with the ANOVA showed a probability value of zero as shown in 
Table 26. In other words the calculated p-value was less than the significant level of the 
test (p-value< α=0.05) thus, enough evidence exists to reject the null hypothesis (Ho). This 
means that there is a difference between the mean temperatures of the collected thermal 
images, which could indicate the existence of a leak. 
Table 12 Test statistics of O.C.1-real leak 1 
 
 
4.1.2.1.2 Pairwise Comparison 
Pairwise comparison Table 27 illustrates the results where the first column encompasses 
the values of the mean temperatures subtraction between thermal image number 1 and all 
the other images and so on for the other columns. 
 Degree of 
freedom 
sum square mean square F-value P-value 
Image.ID 7 220507 31500.9 103240 0<2e-16 
Residuals 858520 261955 0.3 
(A) (B) 
Figure 31. (A) IR image for real leak case study “dry location” (B) IR image for real leak case study “wet location” 
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Table 13Pairwise comparison of O.C.1- real leak 1 
Summing up all the differences as shown in Table 28 showed that thermal images number 
8 gained the highest summation among the others, accordingly, it can be claimed that the 
leak source was found to be at a distance of 9.375 m from the beginning of the scanned 
pipe, which was calculated as follows:  
8.75 + 10
2
= 9.375𝑚 
A graphical representation of the total mean temperature differences is illustrated in Figure 
32, showing a significant temperature contrast oscillation along the pipeline length, 
especially between 8.75m to 10m where it increased abnormally.  
Table 28. Scoring table of O.C.1- real leak 1 
Image Boundaries 
(m) 
Images Total score 
0 1.25 1 2.50989 
1.25 2.5 2 2.64328 
2.5 3.75 3 2.57342 
3.75 5 4 3.79414 
5 6.25 5 2.62524 
6.25 7.5 6 3.30293 
7.5 8.75 7 2.652 
8.75 10 8 6.4732 
 
Images 1 2 3 4 5 6 7 8 
1 0 0.23766 0.326 0.223 0.258 0.207 0.402 0.85623 
2 0.23766 0 0.26352 0.38538 0.3406 0.27031 0.23438 0.91143 
3 0.326 0.26352 0 0.1489 0.22412 0.23383 0.30914 1.06791 
4 0.223 0.38538 0.1489 0 0.46522 0.33507 0.43976 1.79681 
5 0.258 0.3406 0.22412 0.46522 0 0.25029 0.45498 0.63203 
6 0.207 0.27031 0.23383 0.33507 0.25029 0 0.80469 1.20174 
7 0.402 0.23438 0.30914 0.43976 0.45498 0.80469 0 0.00705 
8 0.85623 0.91143 1.06791 1.79681 0.63203 1.20174 0.00705 0 
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Figure 32. Distance-Temperature contrast relation of O.C.1- real leak 1 
The accuracy of the processes was checked by comparing the predicted leak location with 
the actual leak location. The actual leak location was at the center of the pipe at 6 m. The 
predicted leak was at thermal image 8 which represents a distance from 8.75 m to 10m as 
shown in Figure 33. Consequently, the center of the predicted leak is 9.375 m away from 
the pipe beginning, so the accuracy of the proposed operating combination is given by:  
Approach accuracy =1- 
𝑙𝑒𝑎𝑘(𝑒𝑥𝑎𝑐𝑡)−(𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑒𝑎𝑘)
𝑝𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=1 − |
6−9.375
10
| = 66.25%  
 
 
 
 
 
Characteristics and results of the performed experiment are summarized in Table 29. 
Figure 33. Predicted leak location using O.C.1 of real leak 1case 
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Table 29. Characteristics and results of O.C.1- real leak 1 
Apparatus used GPR: not used 
IR: Leak detector 
no. of thermal images 8 
ANOVA 
P-value 0.00<0.05 
proceed to the pairwise comparison 
pairwise 
highest contrast 
images 
Thermal Image 8 
predicted leak center 9.375 m 
O.C. Accuracy 66.25% 
4.1.2.2 Operating condition 2  
At a height of 2 meters and speed of 5 km/h the first trial of thermography was performed 
resulting in 5 thermal images distributed along the 10 meters pipe as shown in Figure 35. 
4.1.2.2.1 ANOVA  
Test statistics associated with the ANOVA showed a probability value of zero as shown in 
Table 30. In other words the calculated p-value was less than the significant level of the 
test (p-value< α=0.05) thus, enough evidence exists to reject the null hypothesis (Ho). This 
means that there is a difference between the mean temperatures of the collected thermal 
images, which could indicate the existence of a leak. 
Table 30. Test statistics of O.C.2-real leak 1 
 
 
 Degree of 
freedom 
sum square mean square F-value P-value 
Image.ID 4 23627 5906.79 13494.10 0.00<0.05 
Residuals 416630 182372 0.44 
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4.1.2.2.2 Pairwise Comparison 
Pairwise Comparison Table 31 illustrates the results where the first column encompasses 
the values of the mean temperatures subtraction between thermal image number 1 and all 
the other images and so on for the other columns. 
Table 14. Statistics of O.C.2-real leak 1 
Images 1 2 3 4 5 
1 0 0.29609 0.59694 0.04689 0.02781 
2 0.29609 0 0.30085 0.24921 0.3239 
3 0.59694 0.30085 0 0.55006 0.62475 
4 0.04689 0.24921 0.55006 0 0.07469 
5 0.02781 0.3239 0.62475 0.07469 0 
Summing up all the differences as shown in Table (32) showed that thermal images number 
3 gained the highest summation among the others, accordingly, it can be claimed that the 
leak source was found to be at a distance of 5 m from the beginning of the scanned pipe. 
which was calculated as follows:  
4 + 6
2
= 5𝑚 
A graphical representation of the total mean temperature differences is illustrated in Figure 
34, showing a slight difference in temperature contrast along the pipeline length, except 
between 4m to 6m where a sudden increase noticed. 
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 Table 15. Scoring table of O.C.2- real leak 1 
Image 
Boundaries 
(m) 
Images Total 
score 
0 2 1 0.96773 
2 4 2 1.17005 
4 6 3 2.0726 
6 8 4 0.92085 
8 10 5 1.05115 
 
Figure 34. Distance-Temperature contrast relation of O.C.2- real leak 1 
The accuracy of the processes was checked by comparing the predicted leak location with 
the actual leak location. The actual leak location was at the center of the pipe at 6 m. The 
predicted leak was at thermal image 3 which represents a distance from 4 m to 6m as shown 
in Figure 35. Consequently, the center of the predicted leak is 5 m away from the pipe 
beginning, so the accuracy of the proposed operating combination is given by:  
0
1
2
3
4
5
6
7
8
9
10
0 2 4 6 8 10 12
Te
m
p
e
ra
tu
re
 C
o
n
tr
as
t 
(o
c)
 
Distance(m)
84 
 
Approach accuracy =1- 
𝑙𝑒𝑎𝑘(𝑒𝑥𝑎𝑐𝑡)−(𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑒𝑎𝑘)
𝑝𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=1 −
6−5
10
= 90%  
 
 
 
 
 
 
Characteristics and results of the performed experiment are summarized in Table 33. 
 Table 16. Characteristics and results of O.C.2- real leak 1 
Apparatus used GPR: not used 
IR: Leak detector 
no. of thermal images 5 
ANOVA 
P-value 0.00<0.05 
proceed to the pairwise comparison 
pairwise 
highest contrast 
images 
Thermal Image 3 
predicted leak center 5 m 
O.C. Accuracy 90% 
4.1.2.3 Operating Condition 3  
At a height of 1 meter and speed of 5 km/h the first trial of thermography was performed 
resulting in 5 thermal images distributed along the 10 meters pipe as shown in Figure 37. 
 
Figure 35. Predicted leak location using O.C.2 of real leak 1case 
1 m 
Predicted leak Exact leak 
5 m 
1 2 3 4 5 
Thermal images; 2 meters length each 
4 m 
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4.1.2.3.1 ANOVA  
Test statistics associated with the ANOVA Table 34 showed a probability value close to 
be zero, in other words the calculated p-value was less than the significant level of the test 
(p-value< α=0.05) thus enough evidence were existed to reject the null hypothesis(Ho) 
which claimed that there are no differences between the mean temperature of the collected 
thermal images. 
Table 17. Test statistics of O.C3-real leak 1 
 
 
4.1.2.3.2 Pairwise Comparison   
Pairwise Comparison Table 35 illustrates the results where the first column encompasses 
the values of the mean temperatures subtraction between thermal image number 1 and all 
the other images and so on for the other columns. 
Table 18. Pairwise comparison of O.C.3- real leak 1 
Images 1 2 3 4 5 
1 0 0.1236 0.857 0.9044 0.0358 
2 0.1236 0 0.73372 0.78077 0.08781 
3 0.857 0.73372 0 0.04705 0.82153 
4 0.9044 0.78077 0.04705 0 0.86858 
5 0.0358 0.08781 0.82153 0.86858 0 
Summing up all the differences as shown in Table 36 showed that thermal images number 
3 and 4 gained the highest summation among the others, accordingly, it can be claimed that 
 Degree of 
freedom 
sum square mean square F-value P-value 
Image.ID 4 87311 21827.7 77780.8 0.00<0.05 
Residuals 326690 91679 0.3 
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the leak source was found to be at a distance of 6 m from the beginning of the scanned 
pipe, which was calculated as follows:  
4 + 8
2
= 6𝑚 
A graphical representation of the total mean temperature differences is illustrated in Figure 
36, showing a moderate difference in temperature contrast along the pipeline length, 
especially between 4m to 8m. 
Table 19. Scoring table of O.C.3- real leak 1 
Image Boundaries(m) Images Total 
score 
0 2 1 1.9208 
2 4 2 1.725 
4 6 3 2.4593 
6 8 4 2.6008 
8 10 5 1.81372 
 
Figure 36. Distance-Temperature contrast relation of O.C.3- real leak 1 
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The accuracy of the processes was checked by comparing the predicted leak location with 
the actual leak location. The actual leak location was at the center of the pipe at 6 m. The 
predicted leak was at thermal images 3 and 4 which represent a distance from 4 m to 6m 
as shown in Figure 37. Consequently, the center of the predicted leak is 6 m away from the 
pipe beginning, so the accuracy of the proposed operating combination is given by:  
Approach accuracy =1- 
𝑙𝑒𝑎𝑘(𝑒𝑥𝑎𝑐𝑡)−(𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑒𝑎𝑘)
𝑝𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=1 −
6−6
10
= 100%  
 
 
 
 
 
 
Characteristics and results of the performed experiment are summarized in Table 37. 
Table 20. Characteristics and results of O.C.3- real leak 1 
Apparatus used GPR: not used 
IR: Leak detector 
no. of thermal images 5 
ANOVA 
P-value 0.00<0.05 
proceed to the pairwise comparison 
pairwise 
highest contrast 
images 
Thermal image 3,4 
predicted leak center 6 m 
O.C. Accuracy 100% 
 
Exact leak 
6 m 
1 2 3 4 5 
Thermal images; 2 meters length each 
4 
m 
Predicted leak 
Figure 37. Predicted leak location using O.C.3 of real leak 1case 
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4.1.2.4 Operating condition 4  
At a height of 2 meters and speed of 2 km/h the first trial of thermography was performed 
resulting in 7 thermal images distributed along the 10 meters pipe as shown in Figure 39. 
4.1.2.4.1 ANOVA  
Test statistics associated with the ANOVA Table 38 showed a probability value close to 
be zero, in other words the calculated p-value was less than the significant level of the test 
(p-value< α=0.05) thus enough evidence were existed to reject the null hypothesis (Ho) 
which claimed that there are no differences between the mean temperature of the collected 
thermal images. 
Table 38. Test statistics of O.C4-real leak 1 
 
4.1.2.4.2 Pairwise Comparison 
Pairwise Comparison Table 39 illustrates the results where the first column encompasses 
the values of the mean temperatures subtraction between thermal image number 1 and all 
the other images and so on for the other columns. 
 
 
 
 Degree of 
freedom 
sum square mean square F-value P-value 
Image.ID 7 62623 8946.16 21142.04 0.00<0.05 
Residuals 566832 239852 0.42 
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Table 39. Pairwise comparison of O.C.4- real leak 1 
Images 1 2 3 4 5 6 7 8 
1 0 0.31548 0.04806 0.10641 0.4286 0.34974 0.92375 0.07108 
2 0.31548 0 0.06354 0.08189 0.10408 0.30522 0.90923 0.14439 
3 0.04806 0.06354 0 0.45835 0.38054 0.20168 0.97569 0.31915 
4 0.10641 0.08189 0.45835 0 0.12219 0.14333 0.51266 0.9075 
5 0.4286 0.10408 0.38054 0.12219 0 0.38114 0.20485 0.44969 
6 0.34974 0.30522 0.20168 0.14333 0.38114 0 0.22598 0.42082 
7 0.92375 0.90923 0.97569 0.51266 0.20485 0.22598 0 0.49484 
8 0.07108 0.14439 0.31915 0.9075 0.44969 0.42082 0.49484 0 
Summing up all the differences as shown in Table 40 showed that thermal image number 
7 gained the highest summation among the others, accordingly, it can be claimed that the 
leak source was found to be at a distance of 8.125 m from the beginning of the scanned 
pipe, which was calculated as follows:  
7.5 + 8.75
2
= 8.125𝑚 
A graphical representation of the total mean temperature differences is illustrated in Figure 
38, showing a slight difference in temperature contrast along the pipeline length, except at 
image 7 that experienced a sudden increase. 
Table 21. Scoring table of O.C.4- real leak 1 
Image Boundaries (m) Images Total score 
0 1.25 1 2.243 
1.25 2.5 2 1.923 
2.5 3.75 3 2.447 
3.75 5 4 2.332 
5 6.25 5 2.071 
6.25 7.5 6 2.027 
7.5 8.75 7 4.247 
8.75 10 8 2.807 
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Figure 38. Distance-Temperature contrast relation of O.C.4- real leak 1 
The accuracy of the processes was checked by comparing the predicted leak location with 
the actual leak location. The actual leak location was at the center of the pipe at 6 m. The 
predicted leak was at thermal 7 which represent a distance from 7.5 m to 8.75 m as shown 
in Figure 39. Consequently, the center of the predicted leak is 8.125 m away from the pipe 
beginning, so the accuracy of the proposed operating combination is given by:  
Approach accuracy =1- 
𝑙𝑒𝑎𝑘(𝑒𝑥𝑎𝑐𝑡)−(𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑒𝑎𝑘)
𝑝𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=1 − |
6−8.125
10
| = 78.7%  
 
 
 
 
 
Figure 39. Predicted leak location using O.C.4 of real leak 1case 
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Characteristics and results of the performed experiment are summarized in Table 41 
Table 22. Characteristics and results of O.C.4- real leak 1 
 
 
 
 
 
 
 
4.1.2.5 Summary of Results 
Results of the four operating conditions are summarized in Table 42. 
Table 23. Real leak 1 result summary 
 O.C. 1 O.C. 2 O.C. 3 O.C. 4 
Characteristics 1m,2km/h 2m,5km/h 1m,5km/h 2m,2km/h 
P-value <0.05 <0.05 <0.05 <0.05 
highest contrast Thermal Image 8 Thermal Image 3 Thermal Image 3-
4 
Thermal Image 7 
Accuracy 66.25% 90% 100% 78.7% 
 
Unlike the simulated scenario, higher speed operating conditions (O.C 2&3) resulted in 
more accurate results than operating conditions with low speed (O.C 1&4). Operating 
condition 2 has predicted the leak location within a zero error accuracy, also operating 
condition 3 has predicted the leak with only 10% of error, however operating conditions 1, 
4 failed have detected the leak meters away from the actual leak location that could make 
them inappropriate for such a scenario. Variations in operating condition accuracy are 
Apparatus used GPR: not used 
IR: Leak detector 
no. of thermal images 8 
ANOVA 
P-value 0.00<0.05 
proceed to the pairwise comparison 
pairwise 
highest contrast 
images 
Thermal Image 7 
predicted leak center 8.125 m 
O.C. Accuracy 78.7% 
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function of changing the weathering conditions and site characteristics that will be 
discussed at the end of this section. 
4.1.3 Real Leak Scenario 2 (Mansoora Location) 
Another real leak event was introduced in collaboration with KAHRAMA located in Doha 
city.an unjustified decline was noted on the pavement surface that was located directly 
above a water pipeline as shown in Figure 40.10 meters long ductile iron pipe was scanned 
through the IR camera and GPR. The pipe was buried at a depth of 0.9 meters from the 
asphalt pavement surface, having an emissivity of ϵ = 0.93 and surrounded by crushed 
sandstone. Thermographic images of the ground surface above the pipeline were taken with 
the different operating conditions. Four sets of images corresponding to each operating 
condition were collected. After collecting the images, the exact leak location was 
determined by KAHRAMAA through excavation and visual inspection. The temperature 
of the dry surface is varied between 24o C and 29o C; meanwhile, the ambient air 
temperature and the relative humidity were 35o C and 50%, respectively. Note that GPR 
was used as a leak detector as well. However it will be discussed later as part of method 2 
of leak detection.  
 
  
 
 
Figure 40. Real leak case 2 layout 
“Profile View” 
Ductile iron Pipe 
0.9 
m 
Crushed sandstone 
5 m 
Movement direction 
Asphalt pavement 
5 m 
Exact leak location 
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4.1.3.1 Operating Condition 1 
At a height of 1 meter and speed of 2 km/h the first trial of thermography was performed 
resulting in 20 thermal images distributed along the 10 meters pipe as shown in Figure 43. 
After collecting the IR images, their scale was adjusted to obtain a strong color contrast. 
Figure 41(A) shows that in the case of the real leak, the color degradation was minimal 
with the color being mainly dark red to pink. Contrary to that, Figure 41 (B) which 
represents the location of a leak in the real leak case, degradation in color was observed. 
 
 
 
 
 
 
4.1.3.1.1 ANOVA  
Test statistics associated with the ANOVA Table 43 showed a probability value close to 
be zero, in other words the calculated p-value was less than the significant level of the test 
(p-value< α=0.05) thus enough evidence were existed to reject the null hypothesis (Ho) 
which claimed that there are no differences between the mean temperature of the collected 
thermal images. 
A B 
Figure 41. (A) IR image for real leak case 2 study “dry location” (B) IR image for real leak case 2 study “wet 
location” 
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Table 24. Test statistics of O.C1-real leak 2 
 
 
4.1.3.1.2 Pairwise Comparison 
Pairwise Comparison Table 44 illustrates the results where the first column encompasses 
the values of the mean temperatures subtraction between thermal image number 1 and all 
the other images and so on for the other columns. 
Summing up all the differences as shown in Table 45 showed that thermal image number 
11 gained the highest summation among the others, accordingly, it can be claimed that the 
leak source was found to be at a distance of 5.25 m from the beginning of the scanned pipe, 
which was calculated as follows:  
5 + 5.5
2
= 5.25𝑚 
A graphical representation of the total mean temperature differences is illustrated in Figure 
42, showing a stable trend for the temperature contrast along the pipeline length, except 
between 4m-6.5m that experience a dramatic jump. 
 Degree of 
freedom 
sum square mean square F-value P-value 
Image.ID 19 4614.5 242.870 6912.61 0.00<0.05 
Residuals 9170 322.2 0.035 
95 
 
Table 25. Pairwise comparison of O.C.1- real leak 2
Images 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
1 0 0.0206 0.102 0.192 0.361 0.554 0.886 1.202 1.646 2.168 2.908 1.784 1.069 0.994 0.811 0.629 0.684 0.675 0.589 0.674 
2 0.026 0 0.076 0.166 0.335 0.527 0.86 1.176 1.62 2.142 2.882 1.758 1.043 0.968 0.785 0.603 0.658 0.649 0.562 0.648 
3 0.102 0.076 0 0.0894 0.258 0.451 0.783 1.099 1.543 2.065 2.805 1.682 0.966 0.891 0.708 0.526 0.581 0.572 0.486 0.571 
4 0.192 0.166 0.0894 0 0.168 0.361 0.694 1.01 1.453 1.976 2.715 1.592 0.877 0.802 0.619 0.437 0.492 0.4834 0.396 0.482 
5 0.361 0.335 0.258 0.168 0 0.192 0.525 0.841 1.284 1.807 2.546 1.423 0.708 0.633 0.451 0.268 0.323 0.314 0.227 0.313 
6 0.554 0.527 0.451 0.361 0.192 0 0.332 0.648 1.092 1.614 2.354 1.231 0.515 0.44 0.257 0.0755 0.13 0.121 0.0351 0.12 
7 0.886 0.86 0.783 0.694 0.525 0.332 0 0.316 0.759 1.282 2.021 0.898 0.183 0.108 0.0746 0.256 0.201 0.21 0.297 0.211 
8 1.202 1.176 1.099 1.01 0.841 0.648 0.316 0 0.443 0.965 1.705 0.582 0.133 0.208 0.39 0.573 0.518 0.526 0.613 0.527 
9 1.646 1.62 1.543 1.453 1.284 1.092 0.759 0.443 0 0.522 1.261 0.138 0.576 0.651 0.834 1.016 0.961 0.97 1.057 0.971 
10 2.168 2.142 2.065 1.976 1.807 1.614 1.282 0.965 0.522 0 0.739 0.383 1.098 1.173 1.356 1.538 1.483 1.492 1.579 1.493 
11 2.908 2.882 2.805 2.715 2.546 2.354 2.021 1.705 1.261 0.739 0 1.123 1.838 1.913 2.096 2.278 2.223 2.232 2.319 2.233 
12 1.784 1.758 1.682 1.592 1.423 1.231 0.898 0.582 0.138 0.383 1.123 0 0.715 0.79 0.973 1.155 1.1 1.109 1.195 1.11 
13 1.069 1.043 0.966 0.877 0.708 0.515 0.183 0.133 0.576 1.098 1.838 0.715 0 0.075 0.257 0.439 0.385 0.393 0.48 0.394 
14 0.994 0.968 0.891 0.802 0.633 0.44 0.108 0.208 0.651 1.173 1.913 0.79 0.075 0 0.182 0.364 0.309 0.318 0.405 0.319 
15 0.811 0.785 0.708 0.619 0.451 0.257 0.0746 0.39 0.834 1.356 2.096 0.973 0.257 0.182 0 0.182 0.127 0.136 0.222 0.136 
16 0.629 0.603 0.526 0.437 0.268 0.0755 0.256 0.573 1.016 1.538 2.278 1.155 0.439 0.364 0.182 0 0.0548 0.0461 0.0407 0.0453 
17 0.684 0.658 0.581 0.492 0.323 0.13 0.201 0.518 0.961 1.483 2.223 1.1 0.385 0.309 0.127 0.0548 0 0.00868 0.0953 0.00951 
18 0.675 0.649 0.572 0.4834 0.314 0.121 0.21 0.526 0.97 1.492 2.232 1.109 0.393 0.318 0.136 0.0461 0.00868 0 0.0866 0.00083 
19 0.589 0.562 0.486 0.396 0.227 0.0351 0.297 0.613 1.057 1.579 2.319 1.195 0.48 0.405 0.222 0.0407 0.0953 0.0866 0 0.0858 
20 0.674 0.648 0.571 0.482 0.313 0.12 0.211 0.527 0.971 1.493 2.233 1.11 0.394 0.319 0.136 0.0453 0.00951 0.00083 0.0858 0 
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Table 26. Scoring table of O.C.1- real leak 2 
Image Boundaries(m) Images Total score 
0 0.5 1 17.954 
0.5 1 2 17.4786 
1 1.5 3 16.2544 
1.5 2 4 15.0048 
2 2.5 5 12.977 
2.5 3 6 11.0496 
3 3.5 7 10.8966 
3.5 4 8 13.475 
4 4.5 9 18.797 
4.5 5 10 26.875 
5 5.5 11 40.191 
5.5 6 12 20.741 
6 6.5 13 12.144 
6.5 7 14 11.543 
7 7.5 15 10.5966 
7.5 8 16 10.5264 
8 8.5 17 10.34329 
8.5 9 18 10.34261 
9 9.5 19 10.7705 
9.5 10 20 10.34344 
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Figure 42. Distance-Temperature contrast relation of O.C.1- real leak 2 
The accuracy of the processes was checked by comparing the predicted leak location with 
the actual leak location. The actual leak location was at the center of the pipe at 5 m. The 
predicted leak was at thermal 11 which represent a distance from 5 m to 5.5 m as shown in 
Figure 43. Consequently, the center of the predicted leak is 5.25 m away from the pipe 
beginning, so the accuracy of the proposed operating combination is given by:  
Approach accuracy =1- 
𝑙𝑒𝑎𝑘(𝑒𝑥𝑎𝑐𝑡)−(𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑒𝑎𝑘)
𝑝𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=1 − |
5−5.25
10
| = 97.5%  
 
 
 
 
 
 
Figure 43. Predicted leak location using O.C.1 of real leak 2 
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Characteristics and results of the performed experiment are summarized in Table 46. 
Table 27. Characteristics and results of O.C.1- real leak 2 
Apparatus used GPR: not used 
IR: Leak detector 
no. of thermal images 20 
ANOVA 
P-value 0.00<0.05 
proceed to the pairwise comparison 
pairwise 
highest contrast 
images 
Thermal Image  11  
predicted leak center .5 25 m 
O.C. Accuracy 97.5% 
4.1.3.2 Operating Condition 2 
At a height of 2 meters and speed of 5 km/h the first trial of thermography was performed 
resulting in 7 thermal images distributed along the 10 meters pipe as shown in Figure 45. 
4.1.3.2.1 ANOVA  
Test statistics associated with the ANOVA Table 47 showed a probability value close to 
be zero, in other words the calculated p-value was less than the significant level of the test 
(p-value< α=0.05) thus enough evidence were existed to reject the null hypothesis (Ho) 
which claimed that there are no differences between the mean temperature of the collected 
thermal images. 
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Table 28. Test statistics of O.C.2-real leak 2 
 
 
 
4.1.3.2.2 Pairwise Comparison 
Pairwise Comparison Table 48 illustrates the results where the first column encompasses 
the values of the mean temperatures subtraction between thermal image number 1 and all 
the other images and so on for the other columns 
Table 48. Pairwise comparison of O.C.2- real leak 2 
Images 1 2 3 4 5 6 7 
1 0 0.78493 2.11833 0.43334 0.00107 0.16957 0.31386 
2 0.78493 0 1.33341 0.35159 0.786 0.9545 1.09879 
3 2.11833 1.33341 0 1.68499 2.1194 2.28791 2.4322 
4 0.43334 0.35159 1.68499 0 0.43441 0.60291 0.7472 
5 0.00107 0.786 2.1194 0.43441 0 0.1685 0.31279 
6 0.16957 0.9545 2.28791 0.60291 0.1685 0 0.14429 
7 0.31386 1.09879 2.4322 0.7472 0.31279 0.14429 0 
Summing up all the differences as shown in Table 49 showed that thermal image number 
3 gained the highest summation among the others, accordingly, it can be claimed that the 
leak source was found to be at a distance of 3.575 m from the beginning of the scanned 
pipe, which was calculated as follows:  
2.86 + 4.29
2
= 3.575𝑚 
A graphical representation of the total mean temperature differences is illustrated in Figure 
44, showing a stable trend for the temperature contrast along the pipeline length, except 
the increase associated with image 3. 
 Degree of 
freedom 
sum square mean square F-value P-value 
Image.ID 6 396734 66122.3 696319.39 0<0.05 
Residuals 652449 61956 0.1 
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Table 29. Scoring table of O.C.2- real leak 2 
Image Boundaries(m) Images Total score 
0 1.43 1 3.8211 
1.43 2.86 2 4.52429 
2.86 4.29 3 9.85791 
4.29 5.72 4 3.8211 
5.72 7.15 5 3.8211 
7.15 8.58 6 4.15811 
8.58 10 7 4.73527 
 
Figure 44. Distance-Temperature contrast relation of O.C.2- real leak 2 
The accuracy of the processes was checked by comparing the predicted leak location with 
the actual leak location. The actual leak location was at the center of the pipe at 5 m. The 
predicted leak was at thermal 7 which represent a distance from 2.86 m to 4.29 m as shown 
in Figure 45. Consequently, the center of the predicted leak is 3.575 m away from the pipe 
beginning, so the accuracy of the proposed operating combination is given by:  
Approach accuracy =1- 
𝑙𝑒𝑎𝑘(𝑒𝑥𝑎𝑐𝑡)−(𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑒𝑎𝑘)
𝑝𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=1 −
5−3.575
10
= 85.75%  
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Characteristics and results of the performed experiment are summarized in Table 50 
Table 50. Characteristics and results of O.C.2- real leak 2 
 
 
 
 
 
 
 
 
 
4.1.3.3 Operating Condition 3 
At a height of 1 meter and speed of 5 km/h the first trial of thermography was performed 
resulting in 7 thermal images distributed along the 10 meters pipe as shown in Figure 47. 
4.1.3.3.1 ANOVA  
Test statistics associated with the ANOVA Table 51 showed a probability value close to 
be zero, in other words the calculated p-value was less than the significant level of the test 
(p-value< α=0.05) thus enough evidence were existed to reject the null hypothesis (Ho) 
Apparatus used GPR: not used 
IR: Leak detector 
no. of thermal images 7 
ANOVA 
P-value 0.00<0.05 
proceed to the pairwise comparison 
pairwise 
highest contrast Thermal Image 3 
predicted leak center 3.575   m 
O.C. Accuracy 85.75% 
Figure 45. Predicted leak location using O.C.2 of real leak 2 
3.575 m 
Exact leak 
1 2 3 4 5 6 7 
Thermal images; 1.43 meters length 
each 
5 m 
Predicted leak 
1.425 m 
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which claimed that there are no differences between the mean temperature of the collected 
thermal images. 
Table 51. Test statistics of O.C.3-real leak 2 
 
 
 
4.1.3.3.2 Pairwise Comparison 
Pairwise comparison Table 52 illustrates the results where the first column encompasses 
the values of the mean temperatures subtraction between thermal image number 1 and all 
the other images and so on for the other columns. 
Table 30. Pairwise comparison of O.C.3- real leak 2 
Images 1 2 3 4 5 6 7 
1 0 1.09543 1.82949 0.35288 0.04727 0.02397 0.02159 
2 1.09543 0 0.73405 0.74256 1.04816 1.1194 1.11702 
3 1.82949 0.73405 0 1.47661 1.78222 1.85345 1.85108 
4 0.35288 0.74256 1.47661 0 0.30561 0.37685 0.37447 
5 0.04727 1.04816 1.78222 0.30561 0 0.07124 0.06886 
6 0.02397 1.1194 1.85345 0.37685 0.07124 0 0.00238 
7 0.02159 1.11702 1.85108 0.37447 0.06886 0.00238 0 
Summing up all the differences as shown in Table 53 showed that thermal image number 
3 gained the highest summation among the others, accordingly, it can be claimed that the 
leak source was found to be at a distance of 3.575 m from the beginning of the scanned 
pipe, which was calculated as follows:  
2.86 + 4.29
2
= 3.575𝑚 
 Degree of 
freedom 
sum square mean square F-value P-value 
Image.ID 6 347075 57845.8 603163.74 0<0.05 
Residuals 774137 74243 0.1 
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A graphical representation of the total mean temperature differences is illustrated in Figure 
46, showing a stable trend for the temperature contrast along the pipeline length, except 
the increase associated with image 3. 
Table 31. Scoring table of O.C.3- real leak 2 
Image Boundaries(m) Images Total score 
0 1.43 1 3.37063 
1.43 2.86 2 4.76119 
2.86 4.29 3 7.69741 
4.29 5.72 4 3.2761 
5.72 7.15 5 3.27609 
7.15 8.58 6 3.42332 
8.58 10 7 3.41381 
 
Figure 46. Distance-Temperature contrast relation of O.C.3- real leak 2 
The accuracy of the processes was checked by comparing the predicted leak location with 
the actual leak location. The actual leak location was at the center of the pipe at 5 m. The 
predicted leak was at thermal 7 which represent a distance from 2.86 m to 4.29 m as shown 
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in Figure 47. Consequently, the center of the predicted leak is 3.575 m away from the pipe 
beginning, so the accuracy of the proposed operating combination is given by:  
Approach accuracy =1- 
𝑙𝑒𝑎𝑘(𝑒𝑥𝑎𝑐𝑡)−(𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑒𝑎𝑘)
𝑝𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=1 −
5−3.575
10
= 85.75% 
 
 
 
 
 
Characteristics and results of the performed experiment are summarized in Table 54. 
Table 54. Characteristics and results of O.C.3- real leak 2 
 
 
 
 
 
 
 
4.1.3.4 Operating Condition 4 
At a height of 2 meters and speed of 2 km/h the first trial of thermography was performed 
resulting in 13 thermal images distributed along the 10 meters pipe as shown in Figure 49. 
Apparatus used GPR: not used 
IR: Leak detector 
no. of thermal images 7 
ANOVA 
P-value 0.00<0.05 
proceed to the pairwise comparison 
pairwise 
highest contrast Thermal Image 3 
predicted leak center 3.575  m 
O.C. Accuracy 85.75% 
Figure 47. Predicted leak location using O.C.3 of real leak 2 
3.575 m 
Exact leak 
1 2 3 4 5 6 7 
Thermal images; 1.43 meters length 
each 
5 m 
Predicted leak 
1.425 m 
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4.1.3.4.1 ANOVA  
Test statistics associated with the ANOVA Table 55 showed a probability value close to 
be zero, in other words the calculated p-value was less than the significant level of the test 
(p-value< α=0.05) thus enough evidence were existed to reject the null hypothesis (Ho) 
which claimed that there are no differences between the mean temperature of the collected 
thermal images. 
 Table 55. Test statistics of O.C.4-real leak 2 
 
 
4.1.3.4.2 Pairwise Comparison 
Pairwise Comparison Table 56 illustrates the results where the first column encompasses 
the values of the mean temperatures subtraction between thermal image number 1 and all 
the other images and so on for the other columns.
 Degree of 
freedom 
sum square mean square F-value P-value 
Image.ID 12 535276 44606.3 347491.88 0<0.05 
Residuals 1142843 146703 0.1 
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         Table 32. Pairwise comparison of O.C.4- real leak 2 
Images 1 2 3 4 5 6 7 8 9 10 11 12 13 
1 0 0.18778 0.62293 1.31422 2.34828 1.74847 0.73256 0.46383 0.3378 0.28811 0.21531 0.2096 0.43515 
2 0.18778 0 0.43515 1.12643 2.16049 1.56069 0.54478 0.27604 0.15002 0.10032 0.02753 0.02182 0.0563 
3 0.62293 0.43515 0 0.69129 1.72535 1.12554 0.10963 0.1591 0.28513 0.33482 0.40762 0.41333 0.49144 
4 1.31422 1.12643 0.69129 0 1.03406 0.43425 0.58165 0.85039 0.97641 1.02611 1.0989 1.10462 1.18273 
5 2.34828 2.16049 1.72535 1.03406 0 0.59981 1.61571 1.88445 2.01047 2.06017 2.13296 2.13868 2.21679 
6 1.74847 1.56069 1.12554 0.43425 0.59981 0 1.01591 1.28464 1.41067 1.46036 1.53316 1.53887 1.61698 
7 0.73256 0.54478 0.10963 0.58165 1.61571 1.01591 0 0.26874 0.39476 0.44445 0.51725 0.52296 0.60108 
8 0.46383 0.27604 0.1591 0.85039 1.88445 1.28464 0.26874 0 0.12602 0.17572 0.24851 0.25423 0.33234 
9 0.3378 0.15002 0.28513 0.97641 2.01047 1.41067 0.39476 0.12602 0 0.0497 0.12249 0.1282 0.20632 
10 0.28811 0.10032 0.33482 1.02611 2.06017 1.46036 0.44445 0.17572 0.0497 0 0.07279 0.07851 0.15662 
11 0.21531 0.02753 0.40762 1.0989 2.13296 1.53316 0.51725 0.24851 0.12249 0.07279 0 0.00571 0.08383 
12 0.2096 0.02182 0.41333 1.10462 2.13868 1.53887 0.52296 0.25423 0.1282 0.07851 0.00571 0 0.07811 
13 0.43515 0.0563 0.49144 1.18273 2.21679 1.61698 0.60108 0.33234 0.20632 0.15662 0.08383 0.07811 0 
 
 
 
 
107 
 
Summing up all the differences as shown in Table 57 showed that thermal image number 
5 gained the highest summation among the others, accordingly, it can be claimed that the 
leak source was found to be at a distance of 3.461 m from the beginning of the scanned 
pipe, which was calculated as follows:  
3.076 + 3.845
2
= 3.461𝑚 
A graphical representation of the total mean temperature differences is illustrated in Figure 
48, showing a stable trend for the temperature contrast along the pipeline length, except 
the increase associated with image 5. 
Table 33. Scoring table of O.C.4- real leak 2 
Image Boundaries(m) Images Total score 
0 0.769 1 8.90404 
0.769 1.538 2 6.64735 
1.538 2.307 3 6.80133 
2.307 3.076 4 11.42106 
3.076 3.845 5 21.92722 
3.845 4.614 6 15.32935 
4.614 5.383 7 7.34948 
5.383 6.152 8 6.32401 
6.152 6.921 9 6.19799 
6.921 7.69 10 6.24768 
7.69 8.459 11 6.46606 
8.459 9.228 12 6.49464 
9.228 10 13 7.45769 
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Figure 48. Characteristics and results of O.C.4- real leak 2 
The accuracy of the processes was checked by comparing the predicted leak location with 
the actual leak location. The actual leak location was at the center of the pipe at 5 m. The 
predicted leak was at thermal 7 which represent a distance from 3.076 m to 3.845 m as 
shown in Figure 49. Consequently, the center of the predicted leak is 3.461 m away from 
the pipe beginning, so the accuracy of the proposed operating combination is given by:  
Approach accuracy =1- 
𝑙𝑒𝑎𝑘(𝑒𝑥𝑎𝑐𝑡)−(𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑒𝑎𝑘)
𝑝𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=1 −
5−3.461
10
= 84.6% 
 
 
 
 
 
 Figure 49. Predicted leak location using O.C.4 of real leak 2 
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Characteristics and results of the performed experiment are summarized in Table 58. 
Table 58. Characteristics and results of O.C.4- real leak 2 
Apparatus used GPR: not used 
IR: Leak detector 
no. of thermal images 13 
ANOVA 
P-value 0.00<0.05 
proceed to the pairwise comparison 
pairwise 
highest contrast Thermal Image 5 
predicted leak center 3.46  m 
O.C. accuracy 84.6% 
4.1.3.5 Summary of Results 
Results of the four operating conditions are summarized in Table 59. 
Table 59. Real leak 2 result summary 
 O.C. 1 O.C. 2 O.C. 3 O.C. 4 
Characteristics 1m,2km/h 2m,5km/h 1m,5km/h 2m,2km/h 
P-value <0.05 <0.05 <0.05 <0.05 
highest 
contrast 
Thermal Image 11 Thermal Image 3 Thermal Image 3 Thermal Image 
5 
Accuracy 97.5% 85.75% 85.75% 84.6% 
 
Since the weathering conditions of Al mansoora real leak location were not as severe as 
mesaeed leak location(because of spring season), it can be noticed that all of the operating 
conditions have resulted in relatively precise outcomes in which their accuracies were 
above 84%, consequently ,having a high emissive surface (such as bricks or asphalt) and 
appropriate weathering conditions ( moderate ground and ambient air temperature and 
humidity) will result in acceptable outcomes regardless the operating conditions. 
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4.1.4 Method 1 Results Summary  
As mentioned earlier four sets of scans were performed along the pipeline (one set of 
images for each operating condition). The resolution of the used camera is 384 x 288 pixels, 
which means that each image will be translated to 110,592 temperature data points. 
Temperature values from the collected images were then statistically analyzed using 
ANOVA. In the case of simulated and real leak the resulted F-values were very high and 
the associated p-values were less than the specified significance level (α = 0.05). This gives 
enough evidence to reject the null hypothesis (Ho) under all operating conditions, which 
means that a temperature contrast does exist among the collected data sets. 
Consequently pairwise comparison between the mean temperatures of each image within 
the same set was performed using a Tukey procedure in Minitab, and the differences were 
summed up for each image. The same process was repeated for all the operating conditions 
in the simulated and real leak cases. In the case of the simulated leak; operating condition 
(1) (camera height 1 m and camera speed 2 km/h) had the best prediction results followed 
by operating condition (4) (camera height 2 m and camera speed 2 km/h). As for the first 
real leak(mesaeed location) the best prediction results were obtained at operating 
conditions (2) and (3) (condition (2): 1m height and camera speed 5 km/h, and condition 
(3): 2 m height and camera speed 5 km/h) ,however operating condition (1) was the most 
appropriate in detecting the second real leak (Mansoora). 
The best prediction results were determined according to two factors: firstly the ability to 
predict the existence of a leak and secondly the ability to locate the leak. For the first factor, 
in all cases (simulated and real leaks) and under all running conditions the ANOVA 
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analysis gave enough evidence to reject the null hypothesis (p-value less than α = 0.05) 
which indicated the existence of a leak. For the prediction of the location of the leak, from 
the pairwise comparison results it was found that several factors had an impact on the 
enhancement of the thermal contrast and therefore, affected the prediction of the location 
of the leak. The factors that were taken into consideration in this study were categorized 
into three main categories: characteristics of the studied surface (emissivity), 
characteristics of the surrounding environment (ambient temperature and relative 
humidity), and the operating conditions of the IR camera (speed and height from the 
surface).  
4.1.4.1 Impact of the Characteristics of the Studied Surface (Emissivity) 
It was found that the captured thermal contrast depends on the characteristics of the surface 
emitting the energy. The emissivity of the surface is very important as it defines how much 
thermal energy an object of interest can radiate; rougher and darker surfaces have the 
highest emissivity [57]. In the case of the simulated leak the surface was a low emissive 
surface (clayey soil (ϵ = 0.39)) while in the real leak cases (mesaeed and mansoora) the 
surface was highly emissive (bricks and asphalt respectively (ϵ = 0.93)). 
Operation condition (1) and (4) have successfully detected the exact location of the 
simulated leak scenario where lower IR camera speed was required for the low emissive 
surface for the camera to acquire the thermal contrast at the simulated leak case. 
Consequently, at higher speed the IR camera would fail in capturing appropriate thermal 
contrast that represents the exact leak location. At the highly emissive (bricks) surface leak 
location (Mesaeed) camera operating conditions with lower speed failed to capture 
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appropriate thermal contrast where the predicted leak location of  operation condition (1) 
and (4) at two different camera heights was shifted almost the same distance away from 
the real leak location in the direction of movement .This could be because the real leak case 
was performed in the summer at high ambient temperature (42 oC) and high relative 
humidity (75%).Although the second real leak location (Mansoora) was a high emissive 
surface, the desired outcomes were resulted at high and low speed of the IR camera as well 
, this could be due to conducting the test at the spring where anomaly sources( high ground 
and ambient air temperature and severe humidity) were less than summer, in other words 
weathering condition of Al Mansoora leak location were friendly to the IR device in which 
extra tactics to reduce eccentricity were not necessary . 
4.1.4.2 Impact of the Characteristics of the Surrounding Environment 
(Ambient Temperature and Relative Humidity) 
It is anticipated that high relative humidity and high ambient temperature would also create 
thermal contrasts in the IR thermography process Thus; the accuracy of the readings in IR 
thermography would be affected [57]. Therefore, in summer days with high humidity, 
lower IR detection ranges would be anticipated than for conditions of spring at low 
humidity season since humidity will act as a shield that repels the radiated energy from 
being captured by the IR camera sensors [58]. It was found in this study that under high 
ambient temperature and relative humidity conditions the higher speed of the IR camera 
would reduce the impact of such side factors (noise) on the thermal contrast and therefore, 
would give better results in predicting the location of the leak, however in moderate 
weathering conditions and highly emissive surface such as the second real leak case the IR 
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camera will not be affected by the side factors and the leak can be detected at any of the 
camera operating conditions (any height , any speed) with varying accuracy. 
4.1.4.3 Impact of the Operating Conditions of the IR Camera (Speed and 
Height from the Surface) 
It was found that in the simulated leak case (low ambient temperature, low relative 
humidity and low emissive surface) the lower speed of the camera gave better results in 
identifying the location of the leak than the higher camera speed ,whereas, in the real leak 
case (high ambient temperature, high relative humidity and highly emissive surface), better 
results were obtained when the speed of the camera was higher, however in the second real 
leak case (moderate ambient temperature, moderate relative humidity and highly emissive 
surface) at any IR camera speed and height the results still accurate, since the external 
factors are not too severe to affect the IR camera capturing sensors. Whereas, in the 
simulated leak scenario (low ambient temperature, low relative humidity, and low emissive 
surface) the lower speed of the camera gave better results in identifying the location of the 
leak than the higher camera speed. 
Furthermore, in the case of the simulated leak the height of camera had a direct impact on 
the enhancement of the thermal contrast compared to the real leak case. It was found that 
at a lower height of the camera better leak predictions were obtained. However, the height 
of the camera had minimal impact on enhancing the captured thermal contrasts in the real 
leak case. The height of the camera from the surface would affect the field of view (FOV) 
of the camera. The FOV of the used camera is 1.0/25 mm (30 x 23)o at (384 x 288) this 
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translates to a field of view of 0.34m x 0.45m at a 1m distance with a 1.2mm pixel, and 
0.68m x 0.90m at a distance of 2m with a 2.4mm pixel. Therefore, at lower heights less 
area will be covered per frame which means more homogenous temperature distribution 
per frame. Consequently, the contrast between the different frames will be higher. The error 
of leak location prediction was calculated for both case studies by comparing the difference 
of distances between the beginning and the end of the actual leak location with the 
beginning and the end of the predicted leak location. Table 5 summarizes the error of 
prediction in the simulated and real leak cases under the four different operating conditions.  
4.1.4.4 IRT Limitations 
Similar to the other leak detection techniques, IR thermography encounters some obstacles 
in which its application becomes limited. Environment conditions appear to be one of these 
limitations, since it was found that the acquired thermal data is affected by ambient 
humidity and temperature. Moreover, thermographic leak investigations are associated 
with the temperature contrasts along the tested ground surface above the pipeline, which 
might be an issue if the water did not reach the surface where a temperature contrast will 
not be captured.  
4.2 Method 2 
In method two the GPR was the only leak detector device used.  MALA GPR device was 
used to collect subsurface profiles along the pipe length using an electromagnetic wave 
frequency of 500 MHz. 
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4.2.1 Pipe Locating 
To accurately detect the leak location, precise pipeline profile should be performed. A 
process similar to the one utilized in section 6.1.1 was used where the pipe was located 
through a set of runs perpendicular to the suspected location of the pipe. Hyperbolic shapes 
would indicate the location of the pipe at the predefined depth of 0.8 m Figure 50. 
Magnitude and phase analysis were focused at the pipe depth as will be discussed in the 
next section. 
 
 
 
 
 
 
 
 
 
 
4.2.2 Radargram Analysis 
A refinement process has been carried out which is based on the fk-migration function in 
Reflex2DQuick software discussed earlier. Figure 51 shows the radargram before and after 
refinement. Since the important features that need to be tracked from the acquired 
Figure 50. Radargram of the pipe location 
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radargram data were all related to the leak event, fk migration was adjusted based on the 
propagation velocity of the electromagnetic waves passing through the wet sand with a 
dielectric constant of ε = 20-30. Consequently, the velocity of migration was calculated as 
follows: 
𝑉 =
𝑐 =
0.3𝑚
𝑛𝑠
√𝜀 = √
20 + 30
2
= 0.06
𝑚
𝑛𝑠
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A radargram image for the dry location Figure 52 collected after pipe repairing shows a 
consistent and smooth profile surrounding the pipe with almost no anomalies detected. 
Distortions associated with the repairing and rehabilitation of the leaked pipe can be clearly 
highlighted due to excavation and soil refill processes. 
(A) 
(B) 
Figure 51 (A): Raw radargram , (B): Refined radagram . Figure 51 (A): Raw radargram , (B): Refined radag am  
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In the leak case (Before rehabilitation), it can be noticed that the radargram included two 
distinct zones Figure 53; Zone 1 from 0-5.8 m and Zone 2 from 5.8 m – 10 m along the 
pipe length. Zone 1 characterizes the dry situation, where the reflected EM waves drew 
gentle subsurface layout (free of discontinuities or disturbances).  At the length of 5.8 m 
until the end of the pipe an abnormal anomaly appeared 10 cm below the ground surface. 
The layers disorder continues to a depth of 35 cm. Another disturbance was noted at the 
pipe expected location, where a trend discontinuity has been monitored along the pipe 
length between 5.8 m - 6.4 m and 7.8 m - 10m represented by the color degradation change 
from yellow (indicates negative reflection) to light brown (indicates positive reflection). 
Figure 52. Refined radargram of the dry case 
Pipe repairing 
distortion 
119 
 
Figure 53. Refined radaragram of the wet case 
All of the observed anomalies in zone 2 conclude that the subsurface condition had been 
changed from that in the dry radargram, which can be attributed to a leak event. 
 
 
 
 
 
 
 
 
  
Results from the use of IR technology for the same case study were superimposed on the 
wet radargram Figure 54. A consistency of outcomes can be observed where the anomaly 
location in the radargram (10 cm below ground surface between 5.8 m – 6 m) meets the 
location associated with the highest temperature contrast in the IR analysis. Further 
studies are still required to investigate the applicability of method two for leak detection 
under controlled conditions.  
 
Zone 1 Zone 2 
Discontinuity 
Anomalies and layers 
disorder 
First observed 
anomaly 
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Figure 54. IR Results superimposed on the refined wet radargram 
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Chapter 5: Conclusions 
In this study, two noninvasive and nondestructive methodologies for detecting leaks in 
water networks were proposed and tested. The first method combines the use of Ground 
Penetrating Radar (GPR) for accurate determination of pipe location, followed by infrared 
(IR) thermographic imaging for determining the leak location. The second method uses 
GPR alone to predict the existence and location of a leak in water networks. 
In method one the collected IR thermographic images were statistically analyzed using 
analysis of variance (ANOVA) and pairwise comparison methods. A simulated and real 
life leaks were studied. Several factors were found to affect the accuracy of the proposed 
methodology in predicting the leak location, namely, the characteristics of the studied 
surface (i.e. emissivity), the characteristics of the surrounding environment (i.e. ambient 
temperature and relative humidity), and the operating conditions of the IR camera (i.e. 
speed and height of the camera). In the case of low emissive surfaces (ε=0.39 for clay), a 
slower camera speed (2km/h) would be required for the camera to be able to capture the 
thermal contrast at the  simulated leak location that yield an accuracy greater than 89%, 
however at speed of 5km/h the leak was detected within an error more than 33%. 
The results obtained in this study have also shown that under high ambient temperatures 
(42oC) and high relative humidity (75%) conditions, a higher speed of the IR camera 
(5km/h) would reduce the impact of noise on the collected thermal contrast and therefore, 
would give better leak location prediction results with 90% accuracy.  The accuracy of leak 
location prediction dropped to 66% when the camera was operated at a speed of 2km/h. 
The field of view (FOV) is affected by the camera’s height from the surface. At lower 
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heights, less area will be covered per frame; therefore, a more homogenous temperature 
distribution per frame will be obtained. Consequently, the contrast between the different 
frames will be higher and better leak predictions would be expected.  
It was found that the best operating conditions of the IR camera would be at low ambient 
air temperature (24 oC - 29 oC), low humidity (<50%), and high emissive surface (asphalt 
pavement ε=0.93).  
The tested methodology proved the flexibility of the approach and the ability of accurately 
predicting the leak locations under different conditions. However, the main limitation of 
using IR thermography for leak prediction in water networks is that the leak should reach 
the upper surface close to the ground surface for the camera to be able to capture the 
thermal contrast. Otherwise, no thermal contrast will be captured. In cases of deeper pipes, 
IR thermography may not be the best choice for potential leak inspection. Therefore, GPR 
had been implemented in this study for leak detection in addition to pipe location 
determination. GPR leak detection was based on subsoil features extraction. A refinement 
process for the collected diagram has been carried out based on the fk-migration function 
in Reflex2DQuick software. After the refinement process, it was noticed that the radargram 
included observed anomalies that could conclude that the subsurface conditions had been 
changed which could be attributed to a leak event. The GPR method requires further 
investigations to proof the applicability of the method under different condition. 
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